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ABSTRACT 

A C2-Symmetric Analogue of Dppf: 
Synthesis and Characterization of Indenyl-phosphines, Phosphino-

ferroindacenes and their Coordination Compounds 

By 

Julian James Adams 

The synthesis, isolation and characterisation of a senes of indenyl 

phosphines: 3-diphenylphosphinoindene (ppinH), 1,3-

bis( diphenylphosphino )indene (dppinH), bis(3-indenyl)phenylphosphine 

(pdinH2) and tris(3-indenyl)phosphine (ptinH3) is reported. Until now these 

cOlnpounds have been either uncharacterized or poorly characterized in the 

literature. The reactions of ppin-, dppin- and pdin2- with ferrous chloride 

were investigated. Fe(ppin)2 exists in two isomeric forms: a racemic isomer 

with C2 symmetry and a meso form with Cg symlnetry, these are analogues 

of dppi. Crystallographic investigations of the coordination compounds of 

Fe(ppin)2 allowed isolation of both isomers of the Fe(ppin)2Mo(CO)4 

complex, and the meso isomer of the Fe(ppin)2PdCb complex. Solution 

NMR investigations of Fe(ppin)2PdCb and Fe(ppin)2PtCb show two 

compounds in solution in each case, suggesting a dynamic process. The 

electrochelnistry of the complexed and uncomplexed ferroindacene show 

reversible oxidation processes in dry dichloromethane at El/2 = -140 mV 

(Fe(ppin)2)' +60 m V (Fe(ppin)2Mo(CO)4) and +260 m V (Fe(ppin)2PdClz) vs. 

Fc/Fc+. The investigation of the tetraphosphinoferroindacene Fe(dppin)2 

showed it only to be stable in dilute solution and that the major 
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decomposition product is Fe(ppin)2' The decomposition mechanism is 

unknown. The synthesis of diferrocenobis(phenylphosphino )cyclophane, an 

eight membered diferrocenlycyclophane characterized by mass spec and 

NMR, is described and the investigation of the indenyl analogue of 

diferrocenobis(phenylphosphino )cyclophane Fe2(pdin)2 which proved to be 

very unstable, is also described. 
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CHAPTERl 

INTRODUCTION 

1.1 Tertiary pbosphines, coordination compounds and metal complexes 

Tertiary phosphine complexes of soft metals or class B metals, as defined by 

Arland, Chatt and Davies, have been extensively studied and the 

categorization of metals as shown in table 1.1. is a function of the type of 

ligand bonding and the size/charge ratio of the metal. 

Table 1.1 Periodic table of the elements sbowing the degree of 

bardness[l]. 
HHe 

Li Be BeN 0 F Ne 
Na Mg AI Si P S Cl AI 
K Cn Sc Ti V Cr Mu Fe 01 Ni Con Zil Ga Ge As Sa Br Kr 
RIl Sr Y Zr Nb Mo Tr Ru Rh Pd Ag Cd gn Sb Ie I Xe 
Cs Bn • Hf Ta VJ Re Os II' Pt Au Hg 1'1 !Ph Bi Po At Rn 

Colout' key; Hard (includes lanthanides*), Ililln'illedinc (tnmsitioll), Soft, Non-metals (donors). 

Bonding between ligands containing soft cr donors such as P, S, As and Se 

is largely covalent with a high degree of back-bonding between the d orbital 

on the metal and vacant cr* orbitals of the ligand. Classical descriptions of 

back-bonding into empty d orbitals on the ligand are slowly being 

abandoned [2]. 

The n-acceptor ability of phosphine ligands is related to the electronegativity 

of the substituents on the phosphonls; the more electronegative the 

substituents are the better the n-acceptor ability of the phosphine. The 
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ligand-metal bonding is also, to a small degree, affected by the steric bulk of 

the phosphine substituents and the bite angle between the substituents when 

the ligand is complexed; the smaller the bite angle the better the 1t-acceptor 

ability of the ligand. 

1.11 Catalytic aspects of transition metal phosphines and diphosphines 

In 1972 Corriu and Kumada first reported catalytic Grignard cross-coupling 

reactions using nickelphosphine complexes. Since then a large amount of 

research has been carried out on the utility of nickel, rhodium, platinum, 

iridium and palladium phosphine complexes as catalysts for organic 

syntheses such as decarbonylation, cyclometallation, stereocontrol, splitting 

of water, vinylic halide reactions, hydrogenation of olefins and the auto

oxidation of ketones and alcohols. 

The end goal of 100% selectivity in product distribution has yet to be 

achieved III Grignard cross-coupling reactions. PdCh(1, 1-

diphenylphosphinoferrocene) is one of the most active cross-coupling 

catalysts developed to date; the high activity of this catalyst is attributed to 

the spatial confonnation about the palladium metal center, most importantly 

a large P-Pd-P bite angle and small CI-Pd-CI bite angle [3]. Other phosphine 

and nitrogen containing ligands have been tried as catalysts, with or without 

transition metals complexed to them, with moderate success [4]. 
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1.12 Applications of 31p NMR in the study of phosphines 

31 p_NMR spectroscopy has proved to be an invaluable tool in the synthesis 

and characterization of phosphine compounds. Table 1.2 gives some 

representative chemical shifts for phosphorus compounds. 

Table 1.2 Selected 31p _NMR Data[5]. 

Compound 8 Compound 8 

MePCb 191.2 Ph3P 8 

PhPCb 165 Ph2P(C6F5) -26.6 

PhP(C6F5h -49 

P(Tmsh -250 P(C6F5h -75.5 

P(C10H21 h -45 Ph2P(S)Et 40.3 

P(CH3CN)3 -33.5 Ph3P(S) 42.6 

PMe2(CH2CI) -42 

PhP(Se )(C2H2SnMeC2H2 ) -1.9 

PhP(CH3CN) -31 

PhP-i-Pr2 0.2 LiPPh2 -36 

PhPMe-i-Pr2 -37.9 NaPPh2 -22.5 

KPMe2 -117.5 

Ph2P(CH3CN) -17.8 

Ph2PMe -26 
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P-M coupling constants gIve good insights into the nature of metal

phosphine bonding and bond strength. The metal-phosphine coupling 

constant has a strong correlation with the metal-phosphine bonding distance 

when JpM values are compared over a single oxidation state of a 

magnetically active Inetal atom, as in figure 1.1 for platinum diphosphines. 

P-Pt 

Distance (A) 

2.40 

;uo 

2.25 

2, ZO 

20110 5000 

l J (PTPl Ow 

5000 

Fig 1.1 P-Pt distance versus IJpptfor platinum diphosphines [6]. 
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1.2 Cyclopentadienyl and indenyl complexes (metallocenes). 

In 1951, while still in its infancy, organometallic chemistry was transformed 

by two independent groups of chemists (Kealy and Pauson [7], as well as 

Miller et al. [8]) who discovered dicyclopentadienyliron(II) (ferrocene) 

shown in figure 1.2. 

Fig 1.2 Ferrocene 

Early in its history, a a-bonded structure was postulated for ferrocene (Fig 

1.3). It was, however, obvious to Fischer and Wilkinson that the thermal and 

chemical behavior of ferrocene could not be explained bya-bonds. Unaware 

of each other's work, they each proposed the correct structure: Wilkinson by 

chemical, physical and spectroscopic methods [9], Fischer by X-ray 

crystallography [10]. They showed that all carbon atoms are equivalent and 

bonded by an interaction between the 'it orbitals of the carbon ring and the 

orbitals on the iron centre as shown in figure 1.4. 
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H 

Fig 1.3 a-bonded ferrocene 

Wilkinson also discovered that the orange ferrocene (iron (II)) could be 

easily oxidized to ferrocenium (iron (III)), a deep blue air stable mono

cation [11], and many ferrocenium compounds have been prepared since. 

The electrochemistry of the one-electron oxidation process has been 

extensively studied and is discussed in detail later. 

Fig 1.4 Molecular orbital energy diagram offerrocene [12] 
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Diindenyliron(II), an analogue of ferrocene, was first prepared by Fischer 

and Seus in 1953 [13] and its X-ray structure solved by Trotter in 1957 [14]. 

The structure has been repeated several times since, with the most recent in 

1990 [15]. This showed that the indenyl rings are slightly staggered, by 13°, 

and are almost perfectly coplanar. The thermal ellipsoid plot of one 

molecule is shown in figure 1.5. 

Fig 1.5 Diindenyliron(II) (Ferroindacene) [15]. 

Unlike in ferrocene, which has D5d sYlnmetry in the solid state, the 

molecular orbitals of ferroindacene, which has C2v symmetry, are all non

degenerate. The d orbitals in ferroindacene have similar energy t07t4, 7t5 and 

7t6 of the indenyl ligand allowing MLCT and/or LMCT transitions (Fig 1.6 

and 1.7). Hence, ferrocene is light yellow/orange whereas ferroindacene is 

intensely green/red. 



~ 
'lt9 

l<;a ct10 
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'It? 'lt8 
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~ <¢ 
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I 
~ cU:ID i 

1t3 'lt4 

cOO (JJJ 

0 

50 51 

o~ 

~ 
52 53 

~ :c ... 

~ 
'ltl 'lt2 54 55 

-. 

Fig1.6 The 7t molecular orbitals of indenide and the top seven filled 

molecular orbitals of ferroindacene [16]. 

·7 

-8 

-9 

-10 

-12 

-13 

Fe 

2' It - :; 

UgQnd 
a + it 

Fig 1.7 The molecular orbital energy diagram of ferroindacene[16]. 
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1.21 Ring-slippage reactions 

It is well known that indenyl complexes display enhanced reactivity when 

compared to cyclopentadienyl complexes, due to the relative ease of ring

slippage during Sn1 substitutions (Fig 1.8). The decrease in hapticity of the 

indenyl ring from TJ5 to 113 accommodates the electron pair of the attacking 

nUcleophile to keep the electron count at eighteen rather than an unfavorable 

twenty electrons. Elimination of the nucleophile or another two-electron 

donor substituent allows the indenyl to return to TJ5 coordination. The 

relative ease of ring-slippage in the indenyl system is attributed to the 

rehybridisation of the 7t-system to a delocalised six-7t-aromatic electron 

moiety, thus lowering the overall energy change to the lower hapticity. No 

such stabilization can occur with cyclopentadienyl as is shown in figure 1.8. 

a "M-L--------i .......... 
n 

DML-----....-.... 
n 

0) 

Fig 1.8 Comparison of ring-slippage in indenyl and cyclopentadienyl 

complexes. 
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1.22 IH, 13C NMR Studies 

IH_ and 13C-NMR techniques have played an important role in the 

characterization of ferrocene compounds. Proton resonances In 

organometallic complexes have a range from 25 to -40 ppm, however, ring 

protons in sandwich compounds have chemical shifts that range from 3 to 7 

ppm as illustrated in figure 1.9. 

,,1 ~ "I 1 '" 4 1 [' 31 
'-"6 ~5 /' 

~~ J, 
/~~ «pI' -~ «? 
" :y ~ + ~-'" Cr 

MIn ~ Fe /~, 
"." \ "-C ?---=t"",,> / ,~"-.. 

O~:c.~ ~5 '~'(,,---// c 'U '-.. .-" . I . ~-
(] 1 

Fig 1.9 Range of H-NMR resonances in sandwich and half-sandwich 

compounds. 

The chemical shifts of the proton resonances are considerably lower than 

those of benzenoid compounds which have IH chemical shifts around 7 

pplTI. This upfield shift is due to the increased shielding of a six-n-electron 
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ring current over five carbon atoms. The electropositive metal center also 

contributes to the shielding. 

Irrespective of the molecular symmetry, only one resonance is observed for 

both hydrogen and carbon atoms of the cyclopentadienyl rings of sandwich 

compounds in the NMR spectra. This is because all carbons and protons in 

the ring have become equivalent due to fast ring rotation about the metal

cyclopentadienyl centroid axis. 

These NMR spectra become more complicated when the symmetry of the 

molecule is disrupted by ring-slippage t0113 or 11 1
, or by substitution on the 

Cp rings. Coupling constants JCH, JHH and JMC can be used to find 

information on M-C bonding. l3C NMR can also be used to study fluxional 

processes in the ligand systems [1 7]. 

1.23 The electrochemistry of ferrocene and substituted ferrocene. 

One of the best known properties of ferrocene is its ability to undergo a 

reversible oxidation. The ferrocenium product is so stable and the process so 

clean that the FclFc + couple is commonly used as an internal electrochemical 

standard. 
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Table 1.3 Electrode potentials of various iron(II)metallocenes[18] 

Complex V vs. Ag/Ag+ V vs. Fc/Fc+ 

Fe(CsHsh 0.49 0 

Fe(C5Mesh 0.39 -0.10 

Fe(CsH5)(CgH7 ) 0.35 -0.14 

Fe(C5MeS)(CgH7 ) 0.29 -0.20 

Fe(CgH7h 0.21 -0.28 

Fe(1-MeCgH6h 0.12 -0.37 

Fe(1, 3-Me2CgH5h 0.02 -0.47 

FelToindacene has a reversible oxidation 280 m V lower than that of 

. felTocene. Ferrocenes with electropositive substituents, which include 

ferroindacene, have lower electrode potentials due to the donation of 

electron density to the five membered ring. Some examples are shown in 

Table 1.3. 
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1.3 1, l'-his(diphenylphosphino)ferrocene (dppf). 

The use of ferrocenyl phosphines as ligands in coordination chemistry is 

well known. The ability of these ligands to convey the ferrocenylqualities 

such as its reversible redox center to their complexes without disturbing the 

inherent characteristics of the complexes has widened the scope of metal 

complex catalysts in the design of drugs and industrial materials. 

Diphosphine complexes, as analogues of their bis-monophosphine 

complexes, play an important role in organometallic chemistry as labile 

ligands on metal complexes. It became inevitable that ferroceny1 

diphosphines must have a special place in the development of applied 

organometallic chemistry [41]. Although the metalloligand 1,1'

bis( diphenylphosphino )ferrocene (dppf) (fig 1.11) is probably the best 

developed ferrocenyl diphosphine (first synthesized in 1965) [19], its 

chelnica1 relevance and industrial importance were not fully appreciated 

until recently. The catalytic potential of this ligand system and its analogues 

is emphasized by the ever-growing influence of homogeneous catalysis in 

organic synthesis, engineering of new materials and production of chemicals 

[22]. 

Dppf was first synthesized by G.P. So11ot et al. by lithiation of ferrocene 

with butyllithium followed by reaction with chlorodiphenylphosphine [19]. 

Despite early discovery, intensive research in this field did not begin until 

the early 1980s. Since then, a multitude of complexes have been 

synthesized. The dppf ligand is suitable for coordination to a variety of 

transition lnetals usually as a phosphine donor ((e.g.HgX2(dppf-P, PI) (X = 

CI, Br, I, SeN) [20]), but occasionally via additional direct Fe ~ M 
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donation (e.g. [Pd(dppf-P,P')(PPh3)][BF4] [21]). 

Fig 1.10 1,1'-bis(diphenylphosphino)ferrocene (dppf). 

1.31 Dppf coordination complexes of groups 5 -12. 

In the forty-three years since the original synthesis of dppf, more than two 

hundred coordination complexes have been reported and characterized. 

These complexes have been synthesized with groups 5, 6, 7 and 8 metal 

carbonyls and group 9, 10, 11 and 12 Inetal halides to give a wide range of 

structuTes, properties and uses. 

Table 1.4 Selected dppf coordination complex geometry and 31p _NMR 

data [11] 

Complex 

Fe(C5H4PPh2h(dppf) 

Fe(C5H4P(O)Ph2h 

Coordination 

geometry 

Sandwich 

Sandwich 

-17.2 

28.3 



Group 5 

[NEt4][V(CO )4( dppf-P I PI)] 

[NEt4][Ta(CO)4(dppf-P, Pi)] 

Group 6 

MO(CO)4( dppf-P ,PI) 

[Mo(CO)5h(~l-dppf) 

W(CO)4(dppf-P,P') 

Cr(CO )4( dppf-P, PI) 

MoI2(COh(dppf-P,P') 

Group 7 

[Mn2(CO )9h(~l-dppf) 

[Mn2(CO)9](~l-dppf)Mo(CO)5 

Group 8 

Fe(CO h( dppf-P, Pi) 

Octahedral 

Octahedral 

Octahedral 

Octahedral 

Octahedral 

Octahedral 

Capped 

Octahedral 

Octahedral 

Octahedral 

Octahedral 

Trigonal 

bipyridamidal 

15 

33.9 

28.5 

18.4(t) 

J pw 239 Hz 

52.6 

66.4 

66.2(P-Mn) 

28.5(P-Mo) 

5.8 

62.0 



[Fe(CO )4lz(J-L-dppf) 

RuCI(11 5
-CsH5)(dppf-P,P') 

Group 9 

CoCI2(dppf-P,P') 

[Co(acac)z(dppf-P,P'))(BF 4] 

[Rh(dppf-P,P')(cod))(CI04] 

(Ir( dppf-P ,P'h][BPh4] 

Group 10 

NiCI2(dppf-P,P') 

cis-[PdCI2( dppf-P I P')) 

cis-[PtCI2( dppf-P, Pi)] 

Group 11 

Cul(dppf-P,P') 

Trigonal 

bipyridamidal 

3-legged 

piano stool 

Tetrahedral 

Octahedral 

Square 

planar 

Dist Square 

planar 

Tetrahedral 

Square 

Planar 

Square 

Planar 

Trigonal 

Planar 

16 

67.0 

14.8(d) 

J pRh 144 Hz 

34.0 

13.1 

Jpp(3769 Hz 



Ag( dppf-P, P')(N03) 

(AuClh(Jl-dppf) 

Group 12 

ZnCb( dppf-P, PI) 

CdCI2(dppf-P,P') 

HgCb(dppf-P,P') 

1.32 Structure and spectroscopy 

Tetrahedral 

linear 

Tetrahedral 

Tetrahedral 

Tetrahedral 

17 

3.5(d) 

JpAg 248 Hz 

28.9 

-21.3 

-8.7 

As a diphosphine ligand, dppf can coordinate in several ways to provide 

different steric and electronic environments. Common coordination modes 

are shown in fig 1.12. 

M-P ............ P 

M-P .............. P-M 

open bridge 

P""-"p 
I I 
M-M 

p"---"""p 
l/x,,1 
M"y/M 

quasi-clO6ed bridge 

p ............. p 

I I 
M---M 
I I 
p,,-,p 

cl _--, ~"-........v Ui ..... _ dooble-brld~ 

Fig 1.12 Common coordination modes of dppf [11] 
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The Cp rings of the ligand can rotate about the Cp-Fe-Cp axis (Fig 1.13) and 

tilt about the Fe-Cp bond vector (Fig 1.14) to relieve strain or make enough 

extra space for metal coordination. The phosphorus also provides an extra 

degree of flexibility by bending out of the Cp plane. 

O
""~ p , ~ 

l... .~p ..... .,,' 
',' 

SynperiplaDOf 
(eC/ip,fed) 

SYllflinal (or Gauche) "Syadla.1 (Gauche) Eellp.ed" 

roRSlow.L o' 
ANGL.E 

"Antidlnal lIt.a.ggered" 

(SfQgg~r,d) 

36° n· 

Anticlinal 
(eclipted) 

144" 

p 

Antiperlplanar 
(SfQgglredj 

180· 

Fig 1.13 Idealised conformations of dppf arising from Cp rotation [22] 

p ......... ~~ ......... p~ ......... p---

Fe Fe Fe Fe 
p ........ p~ .......... ~~ ........ p~ ..... . 

-=C5~ 

"~~""""p::':- ....... p~ ........... ---p ....... ~~ ... . 
~ ~ ~ ~ ~ 

.p~ ....... P-~ ....•.. p.~ ._ ..... p~._ ............. ~p 

Closed.Bridging. O!cllte 
Doubly·Bridging (sp. IlIp, Dh) 

UnJdenwc Open·Bridgin& 

Fig 1.14 Possible ring tilts and phosphorus atom displacements from 
coplanarity for dppf [22]. 
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As the tilt, rotation and phosphorus deviations are a function of the metal 

coordination, many X-ray structures of dppf complexes have been published 

and the coordination modes explored. Figure 1.14 shows some of the 

coordination geometries observed to date. When uncomplexed, dppf adopts 

an antiperiplanar configuration with the phosphorus atoms 180° from each 

other and coplanar with the Cp rings. 

Table 1.5 Selected dppf complexes, their coordination .mode and 

adopted solid state conformation [11] 

Complex Coordination Conformation 

mode 

(5C M-P P-M-P 

(A) (0) 

Dppf Antiperiplanar 180 0 0 

cis[PtCI2( dppf-P I PI)] chelate Gauche 32.3 5,9 0.01 2.256 

cis[PdCb(dppf-P,P')] chelate Gauche 39.5 6.2 0.062 2.284 

cis[Mo(CO)4(dppf-P,P') chelate Gauche 41.9 2.3 0.017 2.56 

NiCb(dppf-P, PI) chelate Synperiplanar 9 4.5 2.312 

[Fe(CO)4h(dppf) open bridge anticlinial 162 1.65 

[RuH(dppf-p, p')z(T]-H2)][PF6] chelate Gauche 2.5 

Mn(T]5-C5Me5)(CO)z(dppf) unidentate anticlinial 128 2.3 

= Torsion angle of the Cp rings p_p (0) 

be Angle between the Cp planes (0) 

C8 = Deviation of the P atom from the Cp plane (A) 

NMR studies of dppf complexes give useful information as to what the 

phosphine is coordinated to but not much information on the coordination 

mode, geometry and conformation. This is due to the symmetry of the 

molecules or the time scale of the fluxional processes, especially 

cyclopentadienyl rotation. The 31 p _NMR chemical shift gives clear evidence 

99.3 

98 

95.3 

105 

93.6 
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of coordination with a sizable change in chemical shift (Ll) normally 

observed as shown in figure 1.15. The trends, however' are dependent on the 

metal and auxiliary ligands. Figure 1.16 shows the chemical shift difference 

between the free phosphine and the P,P' chelate of Pd and Pt. Dppf behaves 

siInilarly to other diphosphine ligands, especially dppb as both form low 

steric-strain rings on coordination. Dppe has a larger chelation shift than the 

other diphosphine ligands because it forms a five-membered ring that has a 

very high stability, giving a deshielding effect and an upfield shift as m 

figures 1.16 and 1.17. 

1W~--------------__ 

o 

Fig 1.15 31p_NMR chemical' shift change (Ll) ofM(CO)4 (112-P-P) chelates 
[23] 
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100~---------------------' 

Pd 

&0 

1: Pt 

..so 
~ 
~ 

1 0 

0 
0 

l;.l 

10 

dppm dppa dppp dppb dp~f 

Fig 1.16 
Coordination shifts (8) of selected diphosphine ligands for chelation to 

PdCh and PtCh [24] 

100r----------------------, 

o 

Mo ...... ..... . ' 

dppm dppe dppp dppb dppl 

Fig 1.17' 
Coordination shift (8) for selected diphosphine ligands for chelation to 

M(CO)4 (M = Cr, Mo, W) [23,24] 
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1.33 Catalysis 

Dppf complexes of Ni(II) and Pd(II) have been extensively studied as 

catalysts for Grignard cross-coupling, boron cross-coupling, carbonylative 

coupling, carbonylation, polycondensation and polymerization reactions, to 

name a few. The lTIOst studied is the Grignard cross-coupling reaction. 

Table 1.6 Reaction conditions and catalyst effects on Grignard reactions 
with all{yl and aryl bromides [3] 

Catalyst RBf Reaction Product 
conditions~ distribution 

T,"C time, h sec BuR nBuR 

(a) sec-BuMgCl PdC12(dppl) OBr r.t. I 95 0 
Pd(PPh3)4 1'.1. 24 4 6 
PdC12 (pPh3h r.t. 24 5 6 
PdCI2 (dppc) r.t. 48 0 0 
PdCh(dppe) reflux 8 4 1 
PdC12 (dppp) r.t 24 43 19 
PdC12 (dppb) r.t. S 5.1 25 
NiCl2;{PPu:,h Lt. 23 3 5 
NiC12(dppp) r.t. 23 29 3 

PdC12 (dppf) OC=C .... :Br 0 2 97 0 
PdC1:z(dppt} 1'.1. 20 93 0 
Pd (PPh 3)4 0 3 33 36 
PdCl;z(dppe) 0 5 3 3 
PdC1:z(dppp) 0 5.5 76 :5 
PdCI2 (dppb) 0 3.5 53 25 
NiC12(PPh3h r.t 24 56 3 
NiCl;2(dppp) 0 5 88 [ 

(b) n-HuMgCI PdC12.(dppt) OBr r.t 24 92 
PdCIi,(dppe) reflux 7 3 
PdCI;!{dppp) reflux 8 12 
PdCli,{dppb) r.t 24 54 
NiClz(pPh3h r.t. 24 14 
NiCl;z(dppp) r.t 24 42 

PdCh{dppf) OO=C-Br r.t. 20 90 

a r.t. = room temperature. 
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A proposed mechanism for the catalytic cycle of Pd-catalyzed Grignard 

reactions is shown in figure 1.18. In the studies shown in table 1.6, 

PdC1z( dppf) was found to be the most catalytically-active species tested. The 

high activity has been attributed to the large P-Pd-P angle (99.07°) and small 

CI-Pd-CI angle (87.8°) when compared with the phosphorus bite angle for 

PdCh(dppp) of 90.6° and for PdCh(dppe) of 85.8° and CI-Pd-CI angles of 

90.8° and 94.2°, respectively [11]. The large P-Pd-P bite angle is important 

in the oxidative addition step of the catalytic cycle where the RX species 

adds to the Pd( dppf) fragment. 

RR' 

Solv 
Sotv 

MgXX'---...... 

R'Mgxt 

Fig 1.18 
Proposed mechanism for catalytic Grignard cross-coupling reactions 

[25] 

1.34 Electrochemistry 

Heterobimetallic ferrocenes display a number of unique properties; the 

ability to undergo sequential electron-transfer steps, unusual catalytic 

activity due to different but cooperative conjugated metal sites, non-linear 
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optical properties relevant to the telecommunications industries and 

synergistic addition to the antitumor activity of gold and platinum 

complexes. These properties all stem from the reversible redox properties of 

the ferrocene complexes and consequently many studies of the 

electrocheIuistry ofheteropolymetallic complexes have been done. 

As shown in Figure 1.19, the cyclic voltammogrruu ofMo(CO)s(FcPPh2) 

displays a reversible ferrocene oxidation at + 140 m V (vs. FclFc +) followed 

by a nonreversible multi-electron oxidation at + 760 nlV (vs. Fc/Fc+). This is 

consistent with the ferrocene being oxidized, Fe(II)~Fe(III), then the Mo(O) 

being oxidized [26]. PdClz( dppf) shows a reversible oxidation at 80 m V 

(vs. Fc/Fc+) and a one-electron reduction' Pd(II)--»Pd(I), at -1760 mV (vs. 

Fc/Fc +) [27]. 

EmV '0 '2.00 400 

Fig 1.19 The cyclic voltammagram of Mo(CO)5(FcPPhz) [26] 
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CHAPTER 2 

EXPERIMENTAL 

General considerations. 

All manipulations and reactions were carried out under an inert atmosphere 

(N2 or Ar) by use of standard Schlenk line techniques. Reagent grade 

solvents were dried and distilled prior to use: diethyl ether, tetrahydrofuran 

and toluene from Na/benzophenone; dichloromethane, heptane and 

petroleum ether (~50-700) from CaH2, methanol and ethanol from 

Mg/Mg(OMe)2and MglMg(OEt)2' respectively. All reagents were purchased 

from Aldrich Chemical Company, Sigma or Strem Chemicals. IH_, 

13C{IH}_ and 3Ip{IH}_NMR data were collected on a Varian XL-300 

spectrometer fitted with a 5 mm broad band probe operating at 300, 75 and 

121 MHz, respectively. 2D NMR were acquired on a Varian Unity-300 

fitted with a 5 mm reverse-phase probe driven by a pulsed ramped gradient 

generator, using HSMQC and HMBC pulse sequences. Unless otherwise 

stated, spectra were measured at ambient temperature with residue solvent 

peaks as internal standard for IH_ and 13CCH}-NMR spectra. 31p{lH}_N1IIR 

chemical shifts were reported relative to external 85% H3P04, positive 

shifts representing de shielding. EI and F AB mass spectra were collected on 

a Kratos MS80RF A mass spectrometer. IR spectra were obtained on a 

Shimadzu FTIR-8201PC spectrophotometer. Elemental analyses were done 

by Campbell Microanalysis Services, Otago University, Dunedin. Cyclic 

voltammetry was performed using a PAR 173 Potentiostat coupled to a PAR 

175 Universal Programmer and a Graphtec WX 1200-chart recorder. All 
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electrochemical measurements were made usmg a three-electrode cell 

comprising a platinum-disk working electrode (1 mm diameter), a platinum

wire auxiliary and a Ag/Ag+ (0.01 M AgN03, 0.1 M [Bu4N]PF6-CH3CN) 

reference electrode. All potentials are reported vs the couple 

ferrocene+/ferrocene (Fc+IFc) after referencing to in situ coboltacene. 

Before use, electrodes were polished with 1 ~m diamond paste and washed 

with acetone. Electrochemical measurements were made at 22 ± 2 °C and a 

nitrogen atmosphere was maintained in the cell . 

. 2.1 Preparation of 3-diphenylphosphinoindene (ppinH) 

To a solution of indene (1.1 g, 1 mmol) in diethyl ether (25 ml) was added 

BuLi (6.25 ml, 1.6 mollL, 1 mmol) at a temperature of -80°C. After stirring 

the reaction mixture for 0.5 h at ambient temperature and subsequent cooling 

to -80°C, CIPPh2 (2.2 g, 1 mmol) was added. After 1 hr. stirring at room 

temperature the reaction mixture was filtered through alumina, the solvent 

evaporated, and the residue washed with methanol. Drying gave 2.4 g (82% 

yield) of white powder. 

2 o 
1 

10 

9 p. 

8
7
q 4

5 [] 

Figure 2.1. Diagram of Ph2P(C9H7) (ppinH) showing numbering 

scheme. 
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IH-NMR (CDCb): 3.39 (s, 2H, HI), 6.12 (s, 1H, H2), 7.1-7.4 (m, 14H, H5-

H8, Ph-H). 31peH}-NMR (CDC13): -22.26 (s). 13C{lH}_NMR (CDC13): 39.8 

(d, 3Jpc=3.l Hz, Cl), 121.4 (d, 3Jpc=5.l Hz, C5), 123.6 (s, C8), 124.9 (s, C6), 

126.2 (s, C7), 128.4 (d,3 Jpc=7.5 Hz, m-Ph), 128.8 (s, p-Ph), 133.8 (d, 

2Jpc=20.2 Hz, o-Ph), 135.8 (d, IJpc=8.3 Hz, CI0), 141.5 (d, 2Jpc=5.2, C2), 

141.6 (d, IJpc=12.7, C3), 144.2 (d, 3Jpc=5.2 Hz, C9), 145.4 (d, 2Jpc=22.5 Hz, 

C4). MS: 300 (81, M+), 185 (100, ~ - C9H7), 115 (15, C9H/). Calcd for 

C21H 17P: C, 83.9%; H, 5.71%, Exptl: C, 82.1%; H, 5.82%. 

2.2 Preparation of 1,3-his(diphenylphosphino)indene (dppinH) 

To a solution of indene (1.16 g, 1 mmol) in diethyl ether (25 ml) was added 

BuLi (6.25 ml, 1.6 mol/L, 1 mmol) at a temperature of -80 cC. After stirring 

the reaction mixture for 0.5 hr. at room temperature and subsequent cooling 

to -80°C, CIPPh2 (2.2 g, 1 mmo1) was added. After 1 hr. stirring at ambient 

temperature BuLi (6.25 ml, 1.6 mol/L, 1 mmol) was added at -80°C and 

stirred for 0.5 hr. followed by addition of ClPPh2 (2.2 g, 1 mmol) at -80°C. 

After 1 hr. stirring at room temperature the reaction mixture was filtered 

through alumina, the solvent evaporated and the residue washed with 

methanol. Drying gave 4.2 g (87% yield) of white powder. 

7 6 

Figure 2.2. Diagram of (Ph2P)2 (C9H6) (dppinH) showing numbering 

scheme. 
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IH~NMR (CDCb): 4.5 (s, 1H, HI), 6.0 (s, 1H, H2), 6.9-7.4 (m, 24H, H5-8 

Ph). 31peH}-NMR (CDC13): -21.6 (d, 4Jpp=4 Hz, P-C3), -1.1(d, 4Jpp=4 Hz, 

P-C1). 13CeH}-NMR (CDCI3): 49.5 (dd, 3Jpc=3.7 Hz, IJpc=22.5 Hz, C1), 

121.7 (d, 3Jpc=5 Hz, C5), 123.8 (d, 3Jpc=5 Hz, C8), 124.9 (s, C6), 126.5 (s, 

C7), 128.0 (d, 3Jpc=6.3 Hz, m-Ph), 128.36 (d, 3Jpc=7.3 Hz, m-Ph), 128.37 (d, 

3Jpc=8.9 Hz, m-Ph), 128.4 (d, 3Jpc=7.3 Hz, m-Ph), 128.6 (s,p-Ph), 128.7 (s, 

p-Ph), 128.9 (s,p-Ph),129.2 (s,p-Ph), 133.3 (d, 2Jpc=18.8 Hz, o-Ph), 133.7 

(d, 2Jpc=19.8 Hz, o-Ph), 133.7 (d, 2Jpc=19.8 Hz, o-Ph), 133.9 (d, 2Jpc=20.9 

Hz, o-Ph), 135.3 (d, IJpc=8.3 Hz, C10c), 135.3 (d., IJpc=8.3 Hz, ClOd), 135.8 

(d, I Jpc=17.7 Hz, C10a or C10b), 136.2 (d, IJpc=18.8 Hz, C10a or C10b), 

141.6 (dd, 4Jpc=5 Hz, IJpc=14 Hz, C3), 142.4 (dd, 2Jpc=3 Hz/Jpc=7 Hz, C2), 

144.9 (dd, 3Jpc=4 Hz, 2Jpc=8 Hz, C9), 145.3 (dd, 2Jpc=18.3 Hz, 3Jpc=2 Hz, 

C4). MS: 484 (29, ~), 299 (100, M+ - PPh2) , 185 (24, PPh2+), 108 (20, 

PPh+). Ca1cd for C33H2SP2: C, 81.8%; H, 5.41%, Exptl: C, 80.4%; H, 

5.58%. C may be low due to oxide formation. 

2.3 Preparation of, bis(3-indenyl)phenylphosphine (pdinH2) 

To a solution of indene (2.2 g, 2 mmol) in diethyl ether (25 ml) was added 

BuLi (12.5 ml, 1.6 mollL, 2 Imnol) at a temperature of -80 DC. After stirring 

the reaction mixture for 0.5 hr. at ambient temperature and subsequent 

cooling to -80°C, ChPPh (1.8 g, 1 mmol) was added. After 1 hr. stirring at 

r00111 temperature the reaction mixture was filtered through alumina, the 

solvent evaporated and the residue washed with methanol. Drying gave 2.5 g 

(74% yield) of cream coloured powder. 
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7 6 
Figure 2.3. Diagram of PhP(C9H7)z (pdinHz) showing numbering 

scheme. 

IH-NMR (CDCh): 3.38 (s, 4H, Hl), 6.27 (s, 2H, H2), 7.1-7.5 (m, 13H, H5-

H8, Ph-H). 31p CH}-NMR (CDCh): -40.33 (s). 13C{lH}-NMR (CDCh): 39.9 

(d, 3Jpc=4.2 Hz, Cl), 121.3 (d, 3Jpc=4.2 Hz, C5), 123.6 (s, C8), 124.9 (s, C6), 

126.2 (s, C7), 128.5 (d, 3 Jpc=8.3 Hz, m-Ph), 129.1 (s, p-Ph), 133.8 (d, 

IJpc=5.2 Hz, C10), 134.0 (d, 2Jpc=19.8 Hz, o-Ph), 139.9 (d, IJpc=10A Hz, 

C3), 141.7 (d, 2Jpc=4.2, C2), 144.1 (d, 3Jpc=5.2 Hz, C9), 145.7 (d,2Jpc=20.9 

Hz, C4). MS: 338 (43, ~), 223 (62, M+ - C9H7), 115 (100, C9H/), 77 (13, 

C6HS+)' Calcd for C24H19P: C, 85.1 %; H, 5.66% Exptl: C, 83,030/0; H, 5.53%. 

Both C and H low due to oxide formation. 

2.4 Preparation of tris(3-indenyl)phosphine (ptinH3) 

To a solution of indene (3.3 g, 3 mmol) in diethyl ether was added BuLi 

(18.8 ml, 1.6 mol/L, 3 mmol) at a temperature of -80°C. After stirring the 

reaction mixture for 0.5 hr. at ambient temperature and subsequent cooling 

to -80°C, PCl3 (1.37 g, 1 mmol) was added. After 1 hr. stirring at ambient 
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temperature the reaction mixture was filtered through alumina, the solvent 

evaporated and the residue washed with methanol. Drying gave 2.2 g (60% 

yield) of cream powder. 

o 
p 

6 

8 7 

Figure 2.4. Diagram ofP(C9H7)3 (ptinH3) showing numbering scheme. 

IH-NMR (CDCh): 3.39 (s, 6H, HI), 6.47 (d, JHH=1.8 Hz, 3H, H2), 7.1-7.5 

(m, 12H, H5-H8). 31pCH}-NMR (CDCh): -58.88 (s). 13CCH}-NMR 

(CDCh): 39.9 (d, 3Jpc=4.2 Hz, C1), 121.4 (d, 3Jpc=4.2 Hz, C5), 123.6 (s, 

C8), 124.8 (s, C6), 126.2 (s, C7), 137.9 (d, IJpc=7.3 Hz, C3), 142.1 (d, 

2Jpc=5.2, C2), 144.1 (d, 3Jpc=5.2 Hz, C9), 145.8 (d, 2Jpc=21.9 Hz, C4). MS: 

376 (72, M+), 115 (100, C9H7)' No microanalysis was done. 

2.5 Preparation of bis(3-diphenylphosphinoindenido )iron(U) (Fe(ppin)2) 

To a solution of ppinH (6.0 g, 2 mmol) in THF (100 ml) was added a 

solution of BuLi (12.5 ml, 1.6 mollL, 2mmol) at-80 °C. After 1 hr. FeCh 

(1.26 g, 1 mInol) was added and the reaction mixture stirred for 2 hrs. at 

ambient temperature. The solvent was removed in vacuo and the residue 
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chromatographed on silica gel with a 5: 1 mixture of cyc10hexane and 

ethylacetate. The black/green Fe(ppin)2 was recrystallized from toluene. 

Drying gave 2.6 g (40% yield) of green/black powder. 

Figure 2.5. Diagram of (PPh2(C9H6))2Fe showing numbering scheme. 

IH-NMR (CDCb): 3.0 (s, 2H, HI), 4.9 (s, 2H, H2), 6.4-7.4 (m, 28H, H5-

H8, Ph-H). 31p{lH}_ NMR (CDCh): -22.54 (s). 13CeH}-NMR (CDCh): 

66.1 (d, 3Jpc=4.2 Hz, Cl), 68.1 (d, lJpc=9.4 Hz, C3), 72.0 (d, 2Jpc=4.1 Hz, 

C2), 89.7 (d, 3Jpc=4.2 Hz, C9), 91.0 (d, 2Jpc=25.l Hz, C4), 122.5 (s, C7), 

122.9 (8, C6), 123.6 (s, C8), 124.1 (d, 3Jpc=9.4 Hz, C5), 127.6 (s,p-Ph a or 

b), 128.0 (d, 3Jpc=5.3 Hz, m-Ph a or b), 128.3 (d, 3Jpc=8.4 Hz, m-Ph a or b), 

129.3 (s, p-Ph a or b), 131.7 (d, 2Jpc=17.7 Hz, o-Ph a or b), 135.2 (d, 

2Jpc=21.9 Hz, o-Ph a or b), 136.7 (d, IJpc=7.3 Hz, CI0 a or b), 139.8 (d, 

I Jpc=10.4 Hz, CI0 a or b). MS: 654 (42, M+), 469 (10, M+ - PPh2), 300 (81 

H(ppint), 185 (100, PPh2+). Calcd for C44H3sFeP2: C, 77.2%; H, 5.590/0. 

Exptl: C, 75.25; H, 5.21 %. 
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2.6 Preparation of meso-bis(3-diphenylphosphinoindenido )iron (II) ( cis

tetracarbonylmolybdenum(O)) (Fe(ppinhMo(CO)4) 

Fe(ppin)2 (1.0 g, 0.15 mmol) and MO(CO)4(CsH llN)2 (0.4 g, 0.15 mmol) was 

heated to reflux in THF for 2 hrs .. The solution was removedin vacuo and 

the green solid chromatographed on silica gel with 1: 1 

ethylacetate/cyc1ohexane to give 0.52 g (40% yield) of green/red 

crystallographic quality crystals. 

IH-NMR (CDC13): 3.68 (s, 2H, HI), 4.31 (s, 2H, H2), 6.4-7.4 (m, 28H, H5-

H8, Ph-H). 31p{lH}_NNIR (CDCl3): 33.13 (s). 13C-NMR (CDCl3): 66.8 (s, 

Cl), 76.4 (s, C3), 79.9 (t,2Jpc=5 Hz, C2), 87.1 (s, C9), 89.66 (s, C4), 124.9 

(s, C7), 125.1 (s, C6), 127.8 (t, 3Jpc=4.7 Hz, m-Ph a or b), 128.3 (t,3Jpc=4.7 

Hz, m-Ph a or b), 129.09 (s, C5 or C8), 129.12 (s, C5 or C8), 129.4 (s,p

Ph), 129.9 (s,p-Ph), 132.4 (t, 2Jpc=6.5 Hz, a-Ph a or b), 134.4 (t, 2Jpc=6.5 

Hz, a-Ph a or b), 135 (m, C10 a or b), 139 (m, CI0 a or b). MS: 864 (3, 

M+), 836 (3, M+ - CO), 808 (5, ~ - 2CO), 780 (2, M+ - 3CO), 752 (15, M+ 

- 4CO), 396(25, ~ - Fe - 4CO - H). IR(CH2Ch): 2021.3 (sh, ms), 1916 

(br, shoulder), 1909.4 (br, s), 1877.6 (br, ms) cm· l
. No satisfactory 

microanalysis was achieved from crystalline samples, this may be due to 

loss of carbonyls or the formation of metal carbides in the furnace. 

2.7 Preparation of meso-bis(l-diphenylphosphinoindenido )iron(II)( cis

dichloro-palladium(II)) (Fe(ppin)zPdClz). 

To a solution of Fe(ppin)2 (0.65g, 0.1 mmol) in THF (100 ml) 

PdCh(CH3CN)2 (0.26 g, 0.1 mmol) was added and the solution stirred for 2 

Ins. at room temperature. The solvent was removed in vacuo and the 
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redfbrown residue was chromatographed with 5: I ethylacetate:cyclohexane. 

Vapour diffusion of dichloromethane/diethyl ether gave 0.6 g (70% yield) of 

red X-ray quality crystals. 

lH-NMR (CDCl3): 3.95 (s, 2H, HI), 4.65 (s, 2H, ill), 6.65-8.25 (m, 28H, 

H5-H8 Ph-H). 31p{lH}_ NMR (CDC13): 33.94 (s, 4P), 35.6 (s, IP). 13C_ 

NMR (CDCl3): 64.6 (s, CI), 65.8 (s, C3), 82.06 (s, C2), 90.9 (t,3Jpc=4.5 

Hz, C9), 91.5 (t, 2Jpc=4.5 Hz, C4), 124.09 (s, C6 or C7), 124.11 (s, C6 or 

C7), 125.5 (s, C5 and C8), 127.45 (t, 3Jpc=4.6 Hz, m-Ph a or b), 128.4 (t, 

3Jpc=4.6 Hz, m-Ph a or b), 130.6 (s, p-Ph a or b), 131.9 (s, p-Ph a or b), 

134.5 (t, 2Jpc=4.6 Hz, o-Ph a or b), 136.8 (t, 2Jpc=4.6 Hz, o-Ph a or b), 150 

(m, CI0 a or b), 152 (m, CI0 a or b). MS: 831 (M+, 2),795 (M+ - Cl, 35), 

760 (M+ - 2CI, 25), 704 (M+ - Fe - 2CI, 20), 405 (Pd(ppin), 13). No 

satisfactory microanalysis was achieved from crystalline samples, there is 

no clear reason for this. 

2.8 Reaction of dppinH with FeCI2• 

To a solution of dppinH (9.6 g, 2 mmol) in THF (100 ml) was added a 

solution of BuLi (12.5 ml, 1.6 mollL, 2mmol) at -80°C. After 1 hr. stirring 

to ambient temperature, FeCh (1.26 g, 1 mmol) was added and the reaction 

mixture stirred for two hours at ambient temperature. 31 p NMR showed a 

single peak at 19.9 ppm attributable to Fe( dppin)2. The solvent was 

removed in vacuo and the residue chromatographed on silica gel with a 5: 1 

mixture of cyclohexane and ethylacetate. The Fe(dppin)2 lost two PPh2 

groups during work-up and instead gave black/green Fe(ppin)2' This was 

recrystallized frOlTI toluene to give 2.2 g (20 % yield) of powder. 
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2.9 Preparation of meso-bis(1-diphenylphosphinoindenido )iron(II)( cis

dichloro-platinum(II) (Fe(ppin)2PtCI2) 

To a solution of Fe(ppin)2 (0.65g, 0.1 mmol) in THF (100 ml) 

PtCh(C7HsN)2 (0.36g, 0.1 mmol) was added and stirred for two hrs. at 

ambient temperature. The solvent was removed in vacuo to give a brown 

residue. 

31p{lH}_ NMR (CDC13): 11.92 (s, I PlP=3793 Hz), 12.68 (s Iptp=3819 Hz). 

The brown residue has proved problematical because it does not 

chromatograph or recrystallise well and so far has been unsuitable for 

nlicroanalysis. 

2.10 Preparation of diferrocenobis(phenylphosphino )cyclophane 

To a solution ofNaCp (1.74 g, 2 Imnol) in THF was added PhPCh (1.8 g, 1 

Imnol) at a temperature of -80°C. The solution was stirred for 1 hr. at room 

temperature. After cooling to -80 °C, BuLi (I2.5 ml, 1.6 mollL, 2mmol) was 

added and the solution stirred for 0.5 hr. at ambient temperature. FeCh 

(l.26g, 1 mmol) was added and the reaction mixture stirred overnight. The 

solvent was evaporated and the residue extracted with methanol and then 

chromatographed on silica gel with 5: 1 cyclohexane:ethylacetate to give 

1.34 g (23% yield) of orange oil. 

31peH}-NMR (CDCh): -23.6 (1P), -27.5 (1P), -27.6 (IP) -30.0 (IP), -30.1 

(IP), -30.6 (2P), -30.8 (2P). MS: 584 (55, M+), 530 (35, M+ - Fe + H2), 507 

(25, ~ - Ph), 465 (100, ~ - FeCsH3), 400 (95, M+ - Cp2Fe), 173 (55, P -

Ph,Cp+), 108 (52, PPh+). Due to the oily nature and instability of the 
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compound, the samples sent for microanalysis decomposed in transit or 

during sample preparation. 
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CHAPTER 3 

RESULTS AND DISCUSSION 

3.1 Indenyl-phosphine compounds. 

3.11 3-diphenylphosphinoindene (ppinH) 

G. K. Anderson first synthesized 3-ppinH [27] by a similar method to the 

one used in this project: lithiation of indene in diethyl ether and subsequent 

treatment with diphenylphosphinochloride to give a 90% yield of I-ppinH 

which was tautomerised to the thermodynamically more stable 3-ppinH by 

elution down an alumina column. The tautomerisation also proceeds at room 

temperature over several days when a solution of I-ppinH is left to stand 

(Scheme 3.1). 

72HrsRT 

I-diphenylphosphionindene 3 -di phenyl phosphinoindene 

Scheme 3.1 Synthetic route to 3-diphenylphosphinoindene (ppinH). 
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The C1 and C3 tautomers of ppinH can readily be distinguished in the31p_ 

NMR spectra by singlets at -4.3 ppm and -22.25 ppm, respectively. These 

assignments are consistent with the chemical shifts of MePPh2 (8 -26) and 

MeCHCHPPh2 (8 -33). The IH NMR of 3-ppinH has two identifiable proton 

resonances at 3.39 ppm and 6.12 ppm assigned to H1 and H2. The rest of the 

resonances are in a broad group of peaks at 7.0-7.5 ppm. The two resonances 

have similar chemical shifts to those in indene for H1 and H2 (3.41 and 6.57 

ppm). 

The 13C NMR of compounds in this thesis will be discussed together in a 

later section. 

3.12 1, 3-bis( diphenylphosphino )indene (dppinH) 

1,3-bis(diphenylphosphino)indene was recently reported by McGlinchey & 

coworkers [28] but they did not isolate or characterize it. They described a 

one-pot synthesis from indene to 1-ppinH tautomerisation by heating in 

diethyl ether then lithiation and treatment with PPh2Cl. I have used a similar 

procedure to get an 87% yield of dppinH2' DppinH is purified by elution 

down an alumina column with ether and washing with ethanol. 

The C 1 and C3 bonded dipheny lphosphines appear in the 31 P NNIR as 

doublets with 4Jpp= 4 Hz. P-C1 occurs at -1.1 ppm and P-C3 at -21.6 ppm. 

These have been assigned by comparison with the tautomers of ppinH. The 

four-bond coupling constant is similar to the few reportings of such long

range coupling [5]. The IH NMR of dppin has two proton resonances at 4.50 

ppm and 6.00 ppm assigned to H1 and H2 respectively, these show no 

phosphorus-proton or proton-proton couplings. The rest of the resonances 
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are in a broad group of peaks at 6.9-7.4 ppm. The mass spectrum of dppinH2 

showed the parent ion at 484 m/e. 

Scheme 3.2 Synthetic route to 1,3-bis( diphenylphosphino )indene. 

3.13 Selenium adducts of dppinH2 (dppinSe2)' 

The phosphine group is prone to attack by oxygen in air and can, therefore, 

be difficult to study. To overcome these problems, Dave Beny selenated the 

trivalent PR3 groups on dppinH2 to pentavalent phosphine selenide groups 

which no longer have lone pairs of electrons and are much more chelnically 

inert. This oxidation removes the ability to form phosphine complexes to 

soft Inetals but does not structurally alter the environment of the phosphorus 

atom as the double-bonded selenium atom occupies the site of the lone pair 

in the trivalent compound [40]. A crystal structure determination was carried 
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as a stnlCtural proof. Figure 3.1 shows a plot of one of the independent 

molecules in the asymmetric unit. 

Figure 3.1 Diagram of one molecule in the asymmetric unit of 

dppinHSe2 showing the numbering scheme and hydrogen atoms in 

idealized positions. 
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3.14 Bis(3-indenyI)phenylphosphine. (pdinH2) 

The synthesis of bis(3-indenyl)phenylphosphine [29J was reported by C. 

Schaverien by a similar method as employed in this project: lithiation of 

indene in diethyl ether and subsequent treatment with one-half equivalent of 

dichlorophenylphosphine glVes an 87% yield of bis(3-indenyl)

phenylphosphine. This was purified by elution down an alumina column 

with diethyl ether. Schaverien omitted the alumina column and therefore will 

have had a mixture of isomers, they do not report any characterization by 

NMR. 

p 

o 
Scheme 3.3 Synthetic route to bis(3-indenyI)phenylphosphine. 

The 31p NMR shows a singlet at -40.3 ppm. The importance of the chemical 

shift will be discussed with ptinH3 in the next section. The IH NMR of 

pdinH has two proton resonances at 3.38 ppm and 6.27 ppm. These have 

been assigned to HI and H2. The rest of the resonance multiplets are in a 

broad group of peaks at 7.1-7.5 ppm. 
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3.15 Tris(3-indenyI)phosphine (ptinH3)' 

Heuer et al. reported the synthesis of ptinH3 by reaction of lithium indenide 

and P(OPh)3' They report a 31p chemical shift of -58.8 ppm but don't 

identify which isomer is isolated [30]. The synthesis of ptinH3 for this 

project was done by the lithiation of indene in diethyl ether and subsequent 

treatment with a one third equivalent of trichlorophosphine to give a 60% 

yield of ptinH3' This was purified by elution down an alumina column with 

diethyl ether. 

"BuLi 

Scheme 3.4 Synthetic route to tris(3-indenyl)phosphine. 

The 31p NMR of ptinH3 has a singlet at -58.8 ppm, an identical value to 

Heuer. In the series of ligands I have characterized, the three 3-bonded 

indenyl phosphines show a clear chemical shift trend in the31 p NMR: ppinH 

(-22.2 ppm), pdinH2 (-40.3 ppm) and ptinH3 (-58.8 ppm). Each substitution 

of a phenyl group by an indenyl has shifted the resonance upfield by 

approximately 18 ppm. The IH NMR of ptinH3 has two identifiable proton 

resonances at 3.39 ppm and 6.47 ppm, these have been assigned to HI and 

H2, respectively. The rest of the resonances, H5-H8, are observed as a 

degenerate group of multiplets at 7.1-7.5 ppm. 
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3.2 Complexes of 3-diphenylphosphinoindene. 

3.21 Bis(3-diphenylphosphinoindenido )iron(II) (Fe(ppin)z). 

The synthesis of bis(3-diphenylphosphinoindenido )iron(II) is achieved by 

the lithiation of ppinH in THF and subsequent treatment with ferrous 

chloride to give a 40% yield of Fe(ppin)2' Purification was done by elution 

as a single band down a silica gel column with cyclohexane and ethylacetate, 

followed by recrystallisation from toluene. Fe(ppin)2 can also be synthesized 

from dppin by the above procedure, with the loss of a PPh2 group from each 

ligand during the work up. This will be described in detail in a later section 

of this thesis. 

Meso-(Fe(ppin) 2) Rac-(Fe(ppinh) 

Scheme 3.5 Synthetic route to bis(3-diphenylphosphinoindenido) 

iron(II). 
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As in the free ligands, the proton spectra shows only two identifiable peaks; 

singlets at 3.0 ppm and 4.9 ppm due to HI and H2 respectively. Both these 

peaks have moved upfield into the coordinated Cp region of the spectrum. 

The other peaks are in a broad group at 6.4-7.4 ppm. The C5-C8 peaks have 

also moved upfield as they are no longer attached to aromatic carbon atoms. 

The 31 p NMR shows a singlet at -22.54 ppm, which is only slightly upfield 

from ppinH, indicating the phosphorus is not coordinated to anything. 

Electrochemistry 

Cyclic voltanunetry ofFe(ppin)2 (Fig 3.2) in dichloromethane shows a one

electron reversible oxidation to form the Fe (III) complex [Fe(ppin)2t at E1I2 

= -140 mV versus FclFc+. 

E 

I I I 

E m V ·400·200 0 200 

Figure 3.2 Cyclic voltammagram of Fe(ppin}2 in CH2Cl2/Bu4NPF6 

solution. Sweep rate = 100 mV/s. 
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The reversible nature of the oxidation is due to the stability of theFe(III) 

complex in dry dichloromethane, which is a non-coordinating solvent and 

does not react with the charged species in solution. The L\Ep of 90 m V is 

larger than the typical value of 60 m V for a fast one-electron process 

(FclFc +) and is indicative of a slower reduction process. Dppf exhibits a 

single one-electron oxidation at 210 mV vs. FclFc+ [31]. The lower 

oxidation potential of Fe(ppin)2 -140 mV vs. FclFc+ is consistent with 

ferrocene (0 mY) and ferroindacene (-280 mY). When the experiment is 

carried out in wet CH2Ch the result is a one-electron irreversible oxidation. 

3.22 meso-bis(3-diphenylphosphinoindenido )iron(II)( cis-tetracarbonyl 

molybdenum(O)) (Fe(ppin)2)Mo(CO)4)' 

The synthesis ofmeso-Fe(ppin)2Mo(CO)4 is a simple substitution reaction of 

the piperidine of cis-tetracarbonyl-bis(piperidine)molybdenum Fe(ppin)2 by 

heating to reflux in THF (Scheme 3.6). Purification was by elution down a 

silica gel column with cyclohexane and ethylacetate followed by 

recrystalisation from a dichloromethane/heptane mixture. 

As in the ppinH and Fe(ppin)2' the proton spectrum of Fe(ppin)2Mo(CO)4 

shows only two identifiable peaks, two singlets at 3.68 ppm and 4.31 ppm 

due to HI and H2 respectively. The other peaks are in a group at 6.4-7.4 

ppm. The 31p NMR shows a singlet at 33.1 ppm that exhibits a downfield 

shift from -22 ppm for Fe(ppin)2 indicating a shielding effect and bonding of 

the phosphorus lone pair to the molybdenum. 
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00 ~'e~ 
MO(CO)4(pipeddine :2 ~ ,).o,eo). 

ATHF OC30 
Scheme 3.6 Synthetic route to meso-Fe(ppinhMo(CO)4' 

Electroch emistry 

Cyclic voltammetry of Fe(ppin)2Mo(CO)4 in dichloromethane shows a one

electron reversible oxidation to the Fe(III) complex [Fe(IP)2Mo(CO)4t at 

E1/2 = +60 m V versus F c/F c +. As expected for an indacene, it has a 

significantly lower E1/2 than MO(CO)4( dppf) (E1/2 = +260 m V). An 

in-eversible oxidation ofMo(O)to higher oxidation states occurs at Eox = 600 

mV vs. Fc/Fc+. The LlEp of 80 mV is larger than the typical value of 60 mV 

for a fast one-electron process (F c/F c l but is faster than the 90 m V for the 

free phosphine. This is expected as the phosphine is fully oxidized and can 

not take PaIt in the electrochemical process as described by Pilloni [31]. 



______ -'-'. ----L. I I 

EmV -200 0 200 400 

Figure 3.3 Cyclic voltammagram of meso-Fe(ppin)2Mo(CO)4 in 

CH2CIlBu4NPF 6 solution. Sweep rate = 100 m V Is. 

X-ray structural analysis. 
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The X-ray structure of these compounds are of particular interest due to the 

possibility of isomers of Fe(ppin)2Mo(CO)4' The meso isomer of 

Fe(ppin)2Mo(CO)4 crystallizes as large green/red coloured blocks from 

dichloromethane and heptane. Table 3.1 contains selected bond distances 

and Table 3.2 selected bond angles for meso-Fe(ppin)2Mo(CO)4. Figure 3.4 

shows a view of the asymmetric unit with the hydrogens removed for clarity. 
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Table 3.1 Selected bond distances rA] for meso-bis(3-

diphenylphosphinoindenido)iron(II)(cis-tetracarbonylmolybdenum(O)). 

Mo-C(16) 

Mo-C(16") 

Mo-C(16*) 

Mo-C(16') 

C(16)-O( 16) 

1.997(7) 

2.001 (7) 

2.033(7) 

2.041(6) 

1.146(7) 

C( 16*)-O( 16*) 1.149(7) 

C(16")-O(16") 1.149(8) 

C( 16')-O( 16') 1.145(7) 

Mo-P(1 ) 

Mo-P(2) 

C(3')-P(2) 

C(3)-P(1 ) 

Fe-C(3) 

Fe-C(3') 

Fe-C(2) 

Fe-C(2') 

Fe-C(1 ) 

Fe-C(1') 

Fe-C(9) 

Fe-C(9') 

Fe-C(4) 

Fe-C(4') 

C(1 )-C(2) 

C(1')-C(2') 

2.5577(14) 

2.5691 (15) 

1.818(6) 

1.826(6) 

2.014(6) 

2.048(5) 

2.041 (5) 

2.014(6) 

2.056(5) 

2.038(5) 

2.095(6) 

2.100(5) 

2.092(5) 

2.101(5) 

1.417(8) 

1.433(8) 

C(2)-C(3) 

C(2')-C(3') 

C(3)-C(4) 

C(3')-C(4') 

C(4)-C(5) 

C(4')-C(5') 

C(5)-C(6) 

C(5')-C(6') 

1.435(8) 

1.439(7) 

1.457(8) 

1.456(8) 

1.421(8) 

1.428(8) 

1.360(9) 

1.369(8) 

C(6)-C(7) 1.416(9) 

C(6')-C(7') 1.401 (8) 

C(7)-C(8) 1.347(8) 

C(7')-C(8') 1.360(8) 

C(8)-C(9) 1.427(8) 

C(8')-C(9') 1.420(8) 

C(4)-C(9) 1.438(8) 

C(4')-C(9') 1.450(7) 

C(1 0)-P(1) 1.839(5) 

C(10')-P(2) 1.845(6) 

C(1 0*)-P(1) 1.839(5) 

C(10")-P(2) 1.839(5) 

C(10")-C(11") 1.401 (8) 

C(11")-C(12") 1.377(9) 

C(12")-C(13") 1.373(10) 

C(13")-C(14") 1.379(10) 



C(1 )-C(9) 

C(1')-C(9') 

1.430(8) 

1.432(8) 

C(14")-C(15") 1.392(9) 

C(10")-C(15") 1.390(8) 
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Table 3.2 Selected bond angles [0] for meso-bis(3-

dipbenylpbosphinoindenido)iron(II)(cis-tetracarbonylmolybdenum(O)). 

C(16)-Mo-C(16") 84.7(2) 

C(16)-Mo-C(16*) 85.6(2) 

C(16")-Mo-C(16*) 91.2(2) 

C(16)-Mo-C(16') 90.1(2) 

C(16)-Mo-P(1) 168.7(2) 

C(16")-Mo-P(1) 84.2(2) 

C( 16*)-Mo-P( 1) 93.1 (2) 

C(16')-Mo-P(1) 91.3(2) 

C( 16)-Mo-P(2) 92.6(2) 

C( 16")-Mo-P(2) 

P(1 )-Mo-P(2) 

C( 1 )-C(2)-C(3) 

C( 1 ')-C(2')-C(3') 

C(2)-C(3)-C(4 ) 

C(2')-C(3')-C(4') 

C(5)-C(4 )-C(9) 

C(5')-C(4')-C(9') 

C(5)-C(4)-C(3) 

173.8(2) 

98.71 (5) 

1 09.4(5) 

1 09.6(5) 

106.5(5) 

106.5(5) 

119.4(5) 

118.3(5) 

132.9(5) 

C(5')-C(4')-C(3') 133.7(5) 

C(9)-C(4)-C(3) 107.7(5) 

C(8)-C(9)-C(1 ) 

C(8')-C(9')-C( 1') 

C(8')-C(9')-C(4') 

C(8)-C(9)-C(4 ) 

C(1 )-C(9)-C(4) 

C(1 ')-C(9')-C(4') 

132.1(5) 

132.1(5) 

119.6(5) 

119.7(5) 

108.1(5) 

108.2(5) 

C(2)-C(1 )-C(9) 108.0(5) 

C(9')-C(1 ')-C(2') 107: 7(5) 

C(2)-C(3)-P(1) 129.8(4) 

C(4)-C(3)-P(1) 123.5(4) 

C(2')-C(3')-P(2) 119.4(4) 

C(4')-C(3')-P(2) 133.1 (4) 

O(16)-C(16)-Mo 173.1(5) 

O(16*)-C(16*)-Mo 175.7(5) 

O(16")-C(16")-Mo 176.4(6) 

O(16')-C(16')-Mo 

C(3)-P(1 )-C(1 0*) 

C(3)-P(1 )-C(1 0) 

176.2(5) 

98.6(3) 

103.4(3 ) 

C(1 0*)-P(1 )-C(1 0) 100.7(2) 

C(3)-P(1 )-Mo 124.3(2) 
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C(9')-C(4')-C(3') 108.0(5) C( 1 O*)-P( 1 )-Mo 117.5(2) 

C(6)-C(5)-C(4 ) 118.8(5) C(1 O)-P( 1 )-Mo 109.1(2) 

C(6')-C(5')-C(4') 119.5(5) C(3')-P(2)-C( 10") 104.1 (2) 

C(5)-C(6)-C(7) 121.4(5) C(3')-P(2)-C(10') 98.3(2) 

C(5')-C(6')-C(7') 121.5(5) C( 1 0")-P(2)-C( 1 0') 1 01.4(2) 

C(8)-C(7)-C(6) 122.1 (6) C(3')-P(2)-Mo 117.6(2) 

C(8')-C(7')-C(6') 121.6(5) C( 1 Olf)-P(2)-Mo 116.2(2) 

C(7)-C(8)-C(9) 118.5(6) C(10')-P(2)-Mo 116.5(2) 

C(7')-C(8')-C(9') 119.4(5) 
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Figure 3.4 Diagram of meso=bis(3= 

diphenyl pbospbinoindenido )iron(II)( cis=tetracarbonylmolybdenum(O» 

showing tbe num.bering scheme. 
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The X-ray structural analysis of meso-Fe(ppin)2Mo(CO)4 shows one 

independent molecule in the asymmetric unit. The indenyl-phosphine 

ligands are coordinated to the iron centre in anlls coordination mode via the 

indenyl five-membered ring, and the phosphorus atoms are coordinated to 

the molybdenum atom. Thc indenyl rings are twisted about the CNT-Fe

CNT' axis (CNT = centroid of the five-membered ring) with respect to C3-

CNT-CNT'-C3' by 35.60° to give a synclinal (or gauche) conformation. The 

molybdenum atom has the two phosphorus atoms bound in ads fashion to 

give an octahedral geometry with the other four coordination sites occupied 

by carbonyl ligands. In order to accommodate the large molybdenum atom, 

either a half-chair (Fig 3.6 a and b) or twist-boat (Fig 3.6 c) conformation 

must be adopted. Half-chair confonnations are rare in chelated dppf 

complexes and it can be seen that for Fig 3.6 a there is an unfavourable 

phenyl-phenyl interaction. The other half-chair confonnation, Fig 3.6 b, has 

two unfavourable phenyl-benzo interactions as well as a phenyl-phenyl 

interaction. The twist-boat conformation, (Fig 3.6 c), is the preferred 

conformation; there are no phenyl-phenyl interactions and there is only one 

phenyl-benzo interaction. It should be noted that this conformation removes 

the Cs symmetry of the molecule that is found in the NNIR spectra. The 

phenyl-benzo interaction has a dramatic effect on the diphenylphosphine 

group: the phenyl ring is forced perpendicular to the benzo ring which brings 

H15" within the van del' Waals radii of C5, H5 and C16* (2.68 A, 2.30 A, 

and 2.76 A, respectively). Consequently, P2 deviates 0.230 A fronl the plane 

of its Cs ring, away from the iron atom, compared to 0.005 A for PI 

(towards the iron atom). The comparable distances are 0.017/0.026 Afor 

Mo(CO)4(dppf) [32]. The average deviation for chelated dppf complexes is 
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0.05 A towards the Fe atom and the largest deviation reported in the review 

by Gan and Hor [22] is 0.157 A, away from the iron atom, for the eclipsed 

synperiplanar complex NiBrz(dppf) [32]. The CNT'-C3'-P2 angle of 169.2° 

is smaller than the CNT-C3-P1 angle of 176.1°. The P1-Mo-P2 bite angle of 

98.71 ° is slightly larger than the dppf analogue (95.3(1)°) and the Mo-P 

distances (Mo-P1 = 2.5577(14) ° and Mo-P2 = 2.5691(15)°) are similar to 

each other as well as the dppf analogue (2.560(16)°). Other conformational 

measures are typical of chelated dppf complexes (the corresponding values 

for MO(CO)4( dppf) are given in parentheses [32]): the torsional twist C3-

CNT-CNT'-C3' = 35.60 (41.90), CNT-Fe-CNT' = 176.50 (179.0°), e (the 

angle between the Cs planes) = 5.9° (2.2°), P ... P = 3.881 A (3.783 A). 

Cs ring 

<-I = benzo ring 

~~~~--~------ -----------~~-~---~-----T-------~-------------------------------
I 

Q-
~ /Ph Ph : 
\ .-Ell"":::::-. / : 

::::::,.... p-<=J ~p- I " ,,: 
H H Mo /Mol 

0---rf"'-' 'p~r\ : 
Mo 

\. 
~P.III!-. 

/ Ph 
Ph V Ph b Ph a I C 

----------- ------ -------------------~---------------------------------------

Figure 3.5 Representation of the interactions in the chair and boat 

forms of meso-Fe(ppin)2Mo(CO)4. 



3.23 rac-bis(3-diphenylphosphinoindenido )iron(II)( cis-tetracarbonyl 

rnolybd en urn (0)) (Fe(ppin )2Mo( CO )4)' 
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Rae-bis(3 -di phenylphosphinoindenido )iron(II)( eis-tetracarbony lmolybdenu 

m(O)) is synthesised by the same procedure as meso-Fe(ppin)2Mo(CO)4 but 

starting with Fe(ppin)2 produced from. the decomposition of Fe( dppin)2. 

This was crystallised from dichloromethane and heptane. It is unclear at this 

stage whether the preparative route has any relevance, as the two isomers 

have identical NMR spectra, or whether the isolation of each isomer is 

serendipitous. The rae isomer crystallises as large green/red coloured 

rhombi. Table 3.3 contains selected bond distances and Table 3.4 selected 

bond angles for rae-Fe(ppin)2Mo(CO)4' Figure 3.7 shows a view of the 

asymmetric unit with the hydrogens removed for clarity. 

Table 3.3 Selected bond distances [A] for rac-bis(3-

dip henyl phosphinoindenido )iron(II)( cis-tetracarbonylm olybden um(O)). 

Mo-C(23) 1.988(2) C(3)-C(4) 1.460(3) 

Mo-C(22) 2.050(2) C(4)-C(9) 1.452(3) 

0(1 )-C(22) 1.153(3) C(9)-C(1 ) 1.437(3) 

C(23)-O(2) 1.157(3) C(4)-C(5) 1.435(3) 

Mo-P 2.5658(7) C(5)-C(6) 1.373(3) 

P-C(3) 1.8264(19) C(7)-C(6) 1.431 (4) 

P-C(10) 1.8460(19) C(8)-C(7) 1.355(4) 

P-C(16) 1.862(2) C(8)-C(9) 1.442(3) 

Fe-C(1 ) 2.058(2) C(10)-C(11 ) 1.405(3) 

Fe-C(2) 2.071 (2) C(11 )-C(12) 1.391(3) 

Fe-C(3) 2.0718(19) C ( 13 )-C ( 12 ) 1.385(3) 



Fe-C(4) 

Fe-C(9) 

C(2)-C(1 ) 

C(2)-C(3) 

2.1038(19) 

2.08S(2) 

1.426(3) 

1.444(3) 
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C(13)-C(14) 1.390(4) 

C(1S)-C(14) 1.401(3) 

C(10)-C(1S) 1.39S(3) 

Table 3.4 Selected bond angles [0] for rac-bis(3-

dip henylphosphinoindenido )iron(ll)( cis-tetracarbonylmolybdenum(O». 

C(23)-Mo-C(23)#1 89.01 (13) 

C(22)#1-Mo-C(22) 173.13(12) 

C(23 )-Mo-C(22) 8S.77(9) 

C(23)-Mo-P 

C(22)#1-Mo-P 

C(22)-Mo-P 

P-Mo-P#1 

C( 1 )-C(2)-C(3) 

C(2)-C(3)-C(4) 

C(S)-C(4)-C(9) 

C(1 )-C(9)-C(4) 

C(5)-C(4)-C(3) 

C(6)-C(S)-C(4 ) 

C(5)-C(6)-C(7) 

C(8)-C(7)-C(6) 

174.18(7) 

92.98(6) 

91.46(6) 

99.44(3) 

109.S3(18) 

1 06.47( 16) 

119.30(18) 

108.03(18) 

132.76(18) 

119.0(2) 

121.3(2) 

121.7(2) 

C(7)-C(8)-C(9) 119.3(2) 

C(1)-C(9)-C(8) 132.8(2) 

C(8)-C(9)-C(4) 119.1 (2) 

C(2)-C(1)-C(9) 107.99(18) 

C(2)-C(3)-P 129.S4(1S) 

C(4)-C(3)-P 123.74(14) 

C(3)-P-C(10) 104.00(8) 

C(3)-P-C(16) 99.S4(9) 

0(1 )-C(22)-Mo 173.9(2) 

0(2 )-C(23 )-M 0 177.8(2) 

C(10)-P-C(16) 102.41 (9) 

C(3)-P-Mo 

C(10)-P-Mo 

C(16)-P-Mo 

122.18(6) 

108.94(6) 

117.36(7) 

The X-ray structural analysis of rac-Fe(ppin}zMo(CO}4 revealed one 

independent half-molecule in the asymmetric unit withthe other half being 

related by a C2 axis through the Fe and Mo atoms. Crystal data and structure 

refinement parameters and the atomic coordinates and equivalent isotropic 
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displacement parameters are given III Appendix B. As with meso

Fe(ppin)2Mo(CO)4' either a half chair (Fig 3.7 a) or twist-boat conformation 

(Fig 3.7 b and c) must be adopted to accommodate the molybdenum atom. 

The half-chair conformation has one benzo-phenyl interaction as well as a 

phenyl-phenyl interaction. Of the two twist-boat conformations, Fig 3.7 b 

has two phenyl-benzo interactions whereas Fig 3.7 c has neither phenyl

benzo nor phenyl-phenyl interactions. Consequently, the adopted 

conformation (Fig 3.7 c) is the least sterically strained conformation. 

Notably, this conformation retains the C2 symmetry that is observed in the 

NMR spectra. Unlike meso-Fe(ppin)2Mo(CO)4' the P atom does not deviate 

significantly from its Csring plane (0.048 A away from the iron atom) and 

the CNT-C3-P angle of 175.80° is normal. The P-Mo-P' bite angle of 

99.44(3)° is slightly larger than inmeso-Fe(ppin)2Mo(CO)4 (98.71°) and in 

the dppf analogue (95.3(1)°), and the torsional twist (C3-CNT-CNT'-C3' = 

25.8°) is significantly less than in bothmeso-Fe(ppin)2Mo(CO)4 (35.6°) and 

Mo(CO)4(dppf) (41.90°) [32]. The other conformational measures are 

typical of chelated dppf complexes: Mo-P = 2.5658(7) A; CNT-Fe-CNT' = 

174.8°; e = 5.7°; and P ... P = 3.914 A. 

Ph 
I 
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Ph \ 
Ph 

a 
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Cs ring 
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Ph Ph 

ih~/_ Ph'o..l ~ I , " Mo Mo 
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---P~ ~P""'-I Ph I Ph 
Ph Ph 

b c 
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Figure 3.6 Representation of the interactions in the chair and boat 

forms of rac-Fe(ppin)2Mo(CO)4' 
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Figure 3.7 Diagram of rac=Fe(ppin)2Mo(CO).~lo 
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Infrared spectra of meso-Fe(ppinhMo(CO)4 and rac-Fe(ppin)2Mo(CO)4. 

The infrared spectrum of Mo(CO)4(dppf) shows a medium intensity Al band 

at 2020 cm"I, a strong Al band at 1921 cm"l, and a very strong BI + B2 band 

at 1901 cm"I [33]. For the Crsymmetric racemic isomer of 

Fe(ppin)2Mo(CO)4' the B1 and B2 bands of MO(CO)4( dppf) transform as two 

coupled B bands, so the band at 1901 cm"] splits into bands at 1878 cm"1 

and 1913 cm"l (a correlation diagram is shown in Fig. 3.8). This latter band 

is accidentally degenerate with the low energy A band, so this is now the 

strongest band. The much higher energy Al band of MO(CO)4( dppf) (now 

an A band) is essentially unaffected at 2021 cm"I, The infrared spectrum of 

the meso isomer of Fe(ppin)2Mo(CO)4 is almost identical to rac

Fe(ppin)2Mo(CO)4' but has a slight splitting of the strongest band (to 1916 

cln-1 and 1909 cm"I. If the meso isomer has Cs symmetry on the infrared 

time-scale, it should exhibit four bands (3A' + A"). The All band originates 

from a B band of Mo(CO)4(dppf) and should appear near 1901 cm"I; this 

could be the band at 1909 cm- I
. The high frequency band at 2021 cm"] 

should not couple significantly with the other, much lower energy, Al bands 

and is found unchanged at 2021 cm-I. The 1921 cm"l and 1901 cm"l Al bands 

would be expected to couple, these could be the bands at 1916 cln"l and 1878 

cm-], but this seems unlikely unless there is strong coupling with the high 

energy A' band. If meso-Fe(ppin)2Mo(CO)4 is not fluxional on the infrared 

time-scale, it may have CI symmetry, as is observed in the solid state.In this 

case, it should exhibit four A bands. Again the BJ and B2 bands of 

Mo(CO)4(dppf), which now transform as A bands, can couple strongly, 

however, the accidental degeneracy exhibited inrac-Fe(ppin)2Mo(CO)4 for 

the A and B bands at 1913 cm-\s unlikely since these can couple weakly to 
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give the observed splitting of this band to 1916 em-land 1909 em-I. This C1-

symlnetry assignment for the solution structure ofmeso-Fe(ppin)2Mo(CO)4 

on the infrared time-scale seems more consistent than a Cs symmetry 

assignment. A pictorial description of the stretching bands ofMo(CO)4L2 are 

shown in figure 3.9. 

2021 
2020 ~----- A -------;:-

1921 ______ .• 1913 A 
A ....... -_ ... --

1 ; "'----"'" " :: : - •• __ 

1901 ==r;;' - - A and B A 
, , 

Bl and B2"" 1877 , 
"'---_ ...... ----

B A 

2021 

1916 
1909 

1878 

rae -Fe(ppin)2Mo(CO)4 meso -Fe(ppin)2Mo(CO)4 
C2 C1 

Figure 3.8 Correlation diagram of the A and B bands in MO(CO)4( dppt), 

meso- and rac-Fe(ppin)2Mo(CO)4' 



A1(1) 81 A 1(2) 82 

Figure 3.9 Diagram of the stretching bands in cis-Mo(CO)4L2 

3.24 meso-bis(3-diphenylphosphinoindenido )iron(II)( cis-dichloro

palladium(II)) (Fe(ppinh)PdClz). 
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The synthesis of meso-bis(3-diphenylphosphinoindenido )iron(II)( cis

dichloropalladium(II)) is a simple substitution reaction of the acetonitrile 

ligands of bis(acetonitrile)palladium dichloride, by stirring at room 

temperature with an equimolar quantity of Fe(ppin)2 in THF. Purification 

was by elution down a silica gel column with cyclohexane and ethyl acetate 

followed by recrystallisation from a dichloromethane/diethyl ether vapour 

diffusion. 

THF 

Scheme 3.7 Synthetic route to meso-bis(3-

diphenylphosphinoindenido )iron(II)(cis-dichloropalladium(II)). 
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As with ppinH and Fe(ppin)z, the proton spectrum of Fe(ppin)zPdClz shows 

only two identifiable peaks, singlets at 3.95 ppm and 4.65 ppm due to HI 

and H2, respectively. The other peaks are in a group at 6.6-8.25 ppm. The 

31p NMR shows a singlet at 33.9 ppm and a second singlet of lower intensity 

(4:1) at 35.6 ppIll. Both show a downfield shift from Fe(ppin)z indicating a 

shielding effect and bonding of the lone pair to the palladium. The two peaks 

in the 31p NMR have been the cause of much concern and many 

experiments. Both high (80°C) and low (-30°C) temperature NMR have 

been done with no change in the peak intensities or ratio; different NMR 

solvents (ds -THF and C6D6) have been tried and a single crystal of the 

cOlllplex was dissolved in CDCh and a 10,000 transient experiment done on 

the solution which produced the same NMR spectrum as all the others. The 

4: I ratio of the peaks in solution is not borne out in the solid phase as the 

complex crystallizes well to produce large red crystals suitable for X-ray 

analysis. The proton spectra shows no extra peaks but the 13C spectrum 

shows some secondary peaks with lower intensity. These peaks are hard to 

decipher from the noise as Fe(ppin)z)PdCh has a low solubility in common 

NMR solvents. The ease of crystallization tends to suggest that there is only 

one compound present but some unknown iSOlllerisation or dimerisation 

process in solution is a possible explanation for the extra peaks in the NMR. 

Electrochemistry 

Cyclic voltammetry of Fe(ppin)z)PdClz in dichloromethane shows a one

electron reversible oxidation to form the Fe(III) complex [Fe(ppin)z)PdCbt 

at E1/2 = +260 mV versus FclFc+. This compares with PdCh(dppf) (E1/2 = 
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+580 mY) and, as expected for an indacene, has a significantly lower E lI2 • 

On the reduction cycle at -1240 m V, the irreversible two-electron reduction 

of Pd(II) to Pd(O) can be seen. The .1Ep 70 m V for Fe(ppin)2)PdC12 is only 

slightly larger than the typical value of 60 m V for a fast one-electron process 

(Fe/Fe +) and is significantly faster than the 90 m V for the free phosphine. 

This is expected as the phosphine is fully oxidized and strongly bound to the 

palladium and can not take part in the electrochemical process. 

I 0.5 /l 

E m V -400 -200 0 200 400 

Figure 3.10 Cyclic voltammagram of meso-bis(3-

diphenylphosphinoindenido)iron(II)(cis-dichloropalladium(II)) in 

CH2CI2/Bu4NPF 6 solution. Sweep rate = 200 m VIs. 
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X-ray structural analysis. 

The X-ray structure of Fe(ppin)2PdClz is of particular interest due to the 

possibility of rae and meso isomer formation and the angular dependence of 

catalytic activity at the palladium center. Large red block-shaped crystals 

were obtained from dichloromethane and diethyl ether which turned out to 

be the meso isomer. Table 3.5 contains selected bond distances and Table 

3.6 selected bond angles for meso-Fe(ppin)2)PdClz, Figure 3.11 shows a 

view of the asymmetric unit. 

Table 3.5 Selected bond distances [AJ for meso-bis(3-

diph eny} phosphinoindenido )iron (II)( cis-dichlo ro paUadi um(II)). 

Pd-P(2) 2.267(4) C(9')-C(4') 1.49(2) 

Pd-P(1 ) 2.269(4) C(1 )-C(9) 1.38(2) 

Pd-CI(1 ) 2.310(4) C( 1')-C(9') 1.35(2) 

Pd-CI(2) 2.324(4) C(4 )-C(5) 1.36(2) 

P(1 )-C(3) 1.771(15) C(5')-C(4f) 1.37(2) 

P(2)-C(3') 1.764(15) C(5)-C(6) 1.33(2) 

Fe-C(1 ) 2.032(15) C(5')-C(6f) 1.41(3) 

Fe-C(1') 2.064(16) C(6)-C(7) 1.44(3 ) 

Fe-C(2) 1.970(15) C(6 f )-C(T) 1.50(3) 

Fe-C(2') 2.029(15) C(7)-C(8) 1.34(3) 

Fe-C(3) 1.972(14) C(T)-C(8') 1.37(3) 

Fe-C(3') 1.998(14) C(8)-C(9) 1.36(3) 

Fe-C(4) 2.073(16) C(9')-C(8') 1.34(3) 

Fe-C(4f) 2.040(18) P( 1 )-C(1 0) 1.783(16) 



Fe-C(9) 

Fe-C(9') 

C(1 )-C(2) 

C(2')-C(1') 

C(2)-C(3) 

C(3')-C(2') 

C(3)-C(4) 

C(3')-C(4') 

C(4)-C(9) 

2.078(16) 

2.037(17) 

1.37(2) 

1.42(2) 

1.43(2) 

1.47(2) 

1.43(2) 

1.42(2) 

1.44(2) 

P(1)-C(10') 1.823(15) 

P(2)-C(10*) 1.762(16) 

P(2)-C(10") 1.817(15) 

C(10)-C(11) 1.35(2) 

C(11 )-C(12) 1.37(2) 

C(12)-C(13) 1.35(2) 

C(13)-C(14) 1.36(2) 

C(14)-C(15) 1.38(2) 

C(10)-C(15) 1.35(2) 
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Table 3.6 Selected bond angles [0] for meso-bis(3-

diphenylphosphinoindenido)iron(II)(cis-dichloropalladium(II». 

P(2)-Pd-CI(1 ) 

P(1)-Pd-CI(1) 

P(2)-Pd-CI(2) 

P( 1 )-Pd-CI(2) 

168.85(14) 

87.56(14) 

84.43(14) 

175.11(15) 

CI(1 )-Pd-CI(2) 87.57(14) 

P(2)-Pd-P(1) 100.32(14) 

C(1 )-C(2)-C(3) 110.7(14) 

C(1')-C(2')-C(3') 110.1(15) 

C(4)-C(3)-C(2) 106.5(12) 

C(4')-C(3')-C(2') 106.2(13) 

C(5)-C(4)-C(3) 133.7(16) 

C(5')-C(4')-C(3') 133.1(17) 

C(3)-C(4)-C(9) 104.8(14) 

C(3')-C( 4')-C(9') 1 05.3( 16) 

C(5)-C(4)-C(9) 121.5(16) 

C(8)-C(9)-C(1 ) 

C(8')-C(9')-C(1 ') 

C(8 )-C(9 )-C( 4 ) 

C(8')-C(9')-C(4') 

131.0(19) 

129(2) 

117.8(18) 

119(2) 

C(1)-C(9)-C(4) 111.1(15) 

C(1')-C(9')-C(4') 111.7(16) 

C(2)-C(1 )-C(9) 106.7(15) 

C(9')-C(1')-C(2') 106.6(17) 

C(4)-C(3)-P(1) 125.0(12) 

C(2)-C(3)-P(1) 128.3(13) 

C(4')-C(3')-P(2) 132.6(13) 

C(2')-C(3')-P(2) 120.9(12) 

C(3)-P(1 )-C(1 0) 106.1 (7) 

C(10*)-P(2)-C(3') 101.2(7) 

C(3)-P(1 )-C(1 0') 101.3(7) 
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C(5')-C(4')-C(9') 121.3(17) C(3')-P(2)-C(10") 1 01.5(7) 

C(6)-C(5)-C(4) 120.7(17) C(1 0)-P(1 )-C(1 0') 103.2(8) 

C(4')-C(5')-C(6') 118.7(19) C(1 0*)-P(2)-C( 10") 1 08.1 (8) 

C(5)-C(6)-C(7) 117.8(18) C(3)-P(1 )-Pd 117.8(5) 

C(5')-C(6')-C(T) 120(2) C(3')-P(2)-Pd 123.5(5) 

C(8)-C(7)-C(6) 122.8(18) C(1 0)-P(1 )-Pd 111.1 (6) 

C(8')-C(T)-C(61) 118(2) C(101l)-P(2)-Pd 108.1(5) 

C(7)-C(8 )-C(9) 119(2) C(1 01)-P(1 )-Pd 115.8(5) 

C(91)-C(81)-C(T) 123(2) C(10*)-P(2)-Pd 113.1(6) 

The X-ray structural analysis of Fe(ppin)2PdCh shows one independent 

molecule in the asymmetric unit. The indenyl-phosphine ligands are 

coordinated to the iron centre in an 11 5 coordination mode via the indenyl 

five-membered ring, and the phosphorus atoms are coordinated to the 

palladium atom. The indenyl rings are twisted about the CNT-Fe-CNT' axis 

(CNT = centroid of the five-membered ring) by 35.40 with respect to C3-

CNT-CNT'-C3' to give a synclinal (or gauche) conformation. The palladium 

atom has the two phosphorus atoms bound in acis fashion to give a square 

planar geometry with the other two coordination sites occupied by chloro 

ligands. In order to accommodate the large palladium atom, either a half

chair or twist-boat conformation must be adopted. The half chair 

conformation has no unfavorable interactions and is, therefore adopted. Due 

to the planar geometry of the Pd center, there is no substituent causing a 

steric interaction with the axial phenyl on P2 as seen in the meso

Fe(ppin)2Mo(CO)4 structure. There being no interaction, the P2 atom is not 

significantly deviated from the five-membered ring of the indenyl group. 

The CNT'-C3'-P' angle of 171.5° is larger than the CNT-C3-P angle of 
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177.6°. The P-Pd-P' bite angle of 100.32° is slightly larger than in the dppf 

analogue (99.0(5)°) and the Pd-P distances (Pd-P = 2.269(4)° and Pd-P' = 

2.267( 4)°) are similar to each other as well as to the dppf analogue 

(2.283(1)°). Other conformational measures are typical of chelated dppf 

complexes (the corresponding values for PdCh( dppf) are given in 

parentheses [34]): the torsional twist (C3-CNT-CNT'-C3') 35.4° (39.5°), 

CNT-Fe-CNT' = 179.4° (~1800), 8 (the angle between the Cs planes) 4.9° 

(6.2°), P ... P = 3.48 A (3.45 A). 
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Figure 3.11 Diagram of mes()-bis(3~ 

diphenylphosphinoindenido)iron(II)(cis=dichloropalladium(II» showing 

the numbering scheme. 
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3.3 Coordination chemistry of 1,3-bis( diphenylphosphino )indene. 

In order to produce a tetraphosphinoferroindacene, dppinH was treated with 

one equivalent of butyllithium and one half equivalent of iron(II) chloride. 

The 3lp NMR of dppinH has doublets at -1 and -22 ppm. After addition of 

butyllithium the NMR has only on peak at -22 ppm due to dppin-. The 

addition of FeCb gives a single peak at -19 ppm that is attributed to the 

tetraphosphino complex Fe(dppin)2' Attempts to isolate Fe(dppin)2 instead 

result in the isolation of Fe(ppin)2' in which a Ph2P group in each indenyl 

has been replaced by an H atom as shown in scheme 3.8. To overcome the 

decomposition of Fe(ppin)2' a number of different isolation methods were 

tried: filtration followed by chromatography produced only Fe(ppin)2; 

concentration of the solution in vacuo and extraction with chlorinated 

solvents or toluene resulted in the 31p NMR becoming a "Manhattan" of 

peaks with the major product also being Fe( dppin)2; the addition of 

petroleum ether produced an oily black solid with a similar complex3lp 

NMR to the other methods and resulted in the isolation of Fe(ppin)2. 

Possible mechanisms for the decomposition of Fe( dppin)2 have been the 

subject of some consideration and include unacceptable steric strain in the 

molecule or a reductive process involving the iron center. The resulting 

Fe(ppin)2 has identical NMR spectra as that produced via the reaction of 

ppin- with FeCh and has been used in the synthesis of rae

Fe(ppin)2Mo(CO)4' It is at this stage not clear whether the isolation of the 

rae isomer of Fe(ppin)2 is a result of the decomposition of Fe( dppin)2 or 

serendipity. The reaction pathway is shown in scheme 3.8. 
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Scheme 3.8 Synthetic route Fe(dppin)2 and its decomposition to 

Fe(ppin)2' 

3.4 Other ferrocene chemistry and compounds for further study 

3.41 Reaction of Fe(ppin)2 with PtCh(benzonitrile)2. 

Reaction of Fe(ppin)2 with PtCh(benzonitrile)2with a view to the synthesis 

of Fe(ppin)2PtCh is an analogous reaction to thesubstitution reaction of the 

acetonitrile on bis(acetonitrile)palladium dichloride. An equimolar quantity 

of Fe(ppin)2 and PtCh(benzonitrile)2 in THF to produced a rich brown

coloured compound. Purification has proved difficult as the compound does 

not move on a chromatographic medium and has low solubility in most 

COlTIlllOn solvents, thus attempts to recrystallise the residue have not been 
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successful. The 31p NMR of the solid in CDCh has two singlets of equal 

intensity at 11.9 and 12.7 ppm with platinum satellites with coupling 

constants of 3793 and 3819 Hz, respectively. These coupling constants are 

indicative of a cis coordination of the diphosphine to the platinum center. It 

is proposed that the platinum complex has a' similar structure to the 

palladium compound. Due to the low solubility of Fe(ppin)2PtCh,and the 

problematical purification, the IH and l3C NMR have not provided clear 

data and attempts at mass spectrometry have proved fi:uitless. 

3.42 Diferroceno bis(phenylphosphino )cyclophane 

Figure 3.12 Diferrocenobis(phenylphosphino)cyclopbane 

The synthesis of diferrocenobis(phenylphosphino)cyclophane was done as a 

single pot synthesis: a THF solution of sodium cyclopentadienide is treated 

with dichlorophenylphosphine, followed by addition of butyllithium and 

then iron(II) chloride. Purification by chromatography on silica gel with 

cyclohexane and ethyl acetate gives an orange oiL The J3p NMR shows seven 

peaks of varying intensity, indicating a number of isomers. In an attempt to 
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isolate some of the isomers, the phosphine was treated with Me2S.BH3 in 

THF, chromatography however produced only a single very broad band on 

the column and a broad peak in the 31p NMR and did not give separation. 

The mass spectrum has a peak at mle = 584 for the cyclophane and no other 

peaks at higher mass. 

DAA0039 Scon14.3 RT=2:45 100%= 16741'1 r!lV 'L3 (Jet 97 8:18 
HRP +EI F?P2 EI(70) LRP 0.7 SID 
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Figure 3.14 low-resolution EI mass spectrum of 
diferrocenobis(phenylphosphino )cyclophane. 

3.43 The reaction of pdinHz with FeCh 

640 

It was hoped that the indenyl equivalent of diferrocenobis 

(phenylphosphino )cyclophane would have fewer isomers due to the 

increased steric demand of the ligand. PdinH2 was treated with two 

equivalents of butyllithium and one equivalent of iron(II) chloride in THF, 

to give a dark green oil that is only sparingly soluble in chlorinated solvents 
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and is very unstable. Due to its instability, it has yielded no useable data 

from NMR or mass spectrometry It does however, show promise since its 

colour is consistent with an indacene. 

3.5 13e NMR Spectroscopy. 

Table 3.7 summarizes the l3C chemical shifts and P-C coupling constants for 

the carbon atoms in the five-membered ring of the indene and indenyl 

compounds. The labeling scheme used throughout this thesis has the 

phosphorus-substituted carbon as C-3. 

Houlton and co-workers found that functionalisation of Cp with PPh2 causes 

a downfield shift for all ring-carbon resonances and that, as with phenyl

phosphines,2Jpc is greater than lJpC and 3JPC: For FeCp(CsH4PPh2), 8(Cp) 

69.0, b(Cp) 76.6 eJpc = ° Hz), 8(Ca ) 72.8 eJpc = 14.7 Hz), and b(C!)) 70.6 

eJpc = 3.4Hz); and for dppf, 8(Cp) 77.6 (IJpc = 4 Hz), b(Ca) 74.6 eJpc = 15 

Hz), and b(Cp) 73.1 eJpc = 3.5 Hz) [34]. For (l1s-C9H7)2Fe, the unique 

carbon atom, C-2, is 8 ppm downfield of C-l/C-3 (70.3 ppm versus 62.3 

ppm, respectively) and the quaternary carbon atoms, C-4/C-9, are a further 

17.3 ppm downfield at 87.6 ppm [35]. Based on the above trends, the BC 

spectrum of Fe(ppin)2 is assigned as follows: the resonance at 8 91.0, with a 

large P-C coupling constant (25 Hz), is assigned to C-4 and the resonance at 

8 89.7 (with a smaller 3Jpc of 4 Hz) to the other quaternary carbon, C-9. 

AtOlTI C-3, which appears further upfield, at 8 68.1, with 1 Jpc = 9 Hz, is 

distinguishable by its lower intensity compared to the C-l and C-2 
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resonances. C-2 appears S.9 ppm downfield of C-1, <5 72.0 versus <5 66.1. 

C-2 has a much smaller 2JPC of (4 Hz) than C-4 (25 Hz) which indicates that 

the phosphorus lone pair is orientated towards C-4 [S], thereby minimizing 

steric interactions between H-S and the phenyl ring 3Jpc for C-1 is the same 

as that of C-9. 

The phenyl rings on each phosphorus atom are inequivalent, so two sets of 

phenyl resonances are observed. As is typical of phenylphosphine 

cOlllpounds,2Jpc (21.9 and 17.7 Hz) is greater than IJpC (lOA and 7.3 Hz) 

and 3JpC (804 and S.3 Hz). Of the benzo carbon atoms, only C-S shows PC 

coupling; 3JPC = 9.4 Hz. 

Coordination of Fe(ppin)2 to a Mo(CO)4fragment significantly reduces the 

P-C coupling constants and causes downfield shifts for C-3 (8.3 ppm to 

7604 ppm) and C-2 (7.9 ppm to 79.9 ppm), whereas C-4 and C-9 exhibit 

sl11all upfield shifts of 1.3 ppm and 2.6 ppm, respectively. C-1 is relatively 

unchanged. Similarly, the coordination of Fe(ppin)2 to PdCh reduces the 

coupling on the majority of carbons to 0 Hz. 

The assignments of the C-1 and C-2 resonances of dppinH are readily made 

based on their chemical shifts, intensities, and coupling constants: C-1 is 

significantly upfield at <5 49.S ppm and appears as a doublet of doublets, the 

larger coupling constant of 23 Hz is 1 Jpc and the smaller coupling constant of 

4 Hz is 3JPC' These coupling constants are both smaller than the 

corresponding values for 1-Ph2P(C9H7) (34 Hz) and 3-Ph2P(C9H7) (6 Hz) 

[27]. C-2, at 8 14204, has greater intensity than the slightly upfield resonance 
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of C-3 at 8 141.6. The larger of the two-bond coupling constants for C-2 (7 

Hz) is assigned to coupling with the P atom on C-1 and the smaller (3 Hz) 

with the P atom on C-3: C-4 shows a large zJpc (18 Hz) indicating that the 

lone pair of the P atom on C-3 is oriented towards C-4, this would then give 

the observed sma1l 2Jpc for C-2. 3Jpc for C-4 is very small at 2 Hz, but this is 

similar to that of 1-PhzP(C9H7) at 1.5 Hz. The one-bond coupling constant of 

14 Hz for C-3 is typical of an spz carbon atom,3Jpc is somewhat smaller at 5 

Hz. C-9 has a moderate zJpc of 8 Hz (cf 9 Hz for I-PhzP(C9H7)) and a 

typical 3JPC of 4 Hz (cf 5 Hz for 3-PhzP(C9H7)). The chemical shifts of C-4 

and C-9 are both downfield of the other indene resonances at 8 145.3 and 8 

144.9, respectively. The assignment for 3-ppinH differs from that of G. K. 

Anderson and co-workers who assigned the downfield resonance at 8 145.9, 

with the large coupling constant of 20 Hz, to C-3 and the upfield resonance 

at 8 141.9, with a moderate coupling constant of 13 Hz, to C4. 

Since dppinH has a stereocentre at C-1, the four phenyl nngs are 

inequivalent and four sets of resonances are observed. The meta, para and 

ortho carbons have similar chemical shifts and coupling constants:8 128.0-

128.4 eJpc = 6.3-8.9 Hz, m-Ph), 128.6-129.2 (P-Ph), 133.3-133.9 (Jpc = 

18.8-20.9 Hz, a-Ph). The ipso carbons have similar chemical shifts but 

exhibit two sizes of1Jpc: The smaller coupling constants are attributed to the 

phenyl rings on the phosphorus atom attached to the Sp3 carbon atom C-1 (8 

135.8 CJpc 8.3 Hz), and the larger coupling constants are attributed to thc 

phenyl rings on thc phosphorus atom attached to the spz carbon atom C-3(8 

135.8 eJpc = 17.7 Hz), 136.2 CJpc = 18.8 Hz)). Given our ability to 

distinguish the four inequivalent phenyl rings in dppin, it seems unusual that 
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the rae and meso isomers of Fe(ppin)2 and Fe(ppin)2Mo(CO)4 are so similar. 

Efforts to determine the raclmeso isomer ratio continue. 



Table 3.7 13C-NMR chemical shifts (ppm) for the indenyl five-membered-ring carbon atomsa 

I Compound C-1 C-2 C-3 C-4 C-9 

l"=Ph2P(C9H7) (l-ppinH)D 48.6 (34) 132.1 (S) 13S.0 (4) 144.6 (1.S) 144.0 (9) 

3-Ph2P(C9H7) (3-ppinH)°'c 140.2 (6) 142.4 (S.S) 14S.9 (20) 141.9 (13) 144.8 (5) 
-

3-Ph2P(C9H7) (3-ppinH)Q 40.2 (6) 142.0 (S.S) 141.9 (13) 145.9(20) 144.8 (5) 

-1,3 -(Ph2P)2C9H6 dppinH 49.S(23,4) 142.4 (7, 3) 141.6 (14, 5) 145.3 (18,2) 144.9 (8, 4) 

3-PhP(C9H7)2 (pdinH) 39.9 (4) 141.7 (4) 139.9 (10) 14S.7 (20) 144.1 (5) 

3-P(C9H7)3 (ptinH) 39.9 (4) 142.1 (S) 137.9 (7) 14S.8 (22) 144.1 (5) 

Fe(ppin)2 66.1 (4) 72.0 (4) 68.1 (9) 91.0 (2S) 89.7 (4) 

Fe(ppin)2Mo(CO)4 66.8 79.9 (S) 76.4 89.7 87.6 

Fe(ppin)2PdCb 64.6 82.0 65.8 90.9 (4) 91.5 (4) 
-- .... _- --

a PC Coupling constants (Hz) given in parentheses. b Reference 27. c In CD2Ch, all others in CDCl3. d My assignment. 

7S 
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3.6 Conclusions 

I have isolated and characterised a senes of indenyl phosphines and 

investigated the coordination chemistry to iron of some of these ligands. An 

analogue of dppf, Fe(ppin)2 has been described that exists in two isomeric 

forms: a racemic isomer with C2 symmetry and a meso isomer with Cs 

symmetry. The racemic isomer is of particular interest as it has significant 

potential in asymmetric catalysis. Separation of the diastereomers and 

enantiomers is an important next step. This could be achieved by 

hydrogenation of the indenyl (preliminary studies have shown promise) and 

isolation of the ferrocenium d-tartrate salts. Investigations into the 

coordination chemistry ofFe(ppin)2 allowed isolation of both isomers of the 

MO(CO)4 complex and isolation of the meso isomer of the PdClz complex. 

Their structures were determined by X-ray crystallography. The N1VIR of a 

single crystal of the Pd complex shows two compounds in solution, an 

explanation for this observation has yet to be found and requires further 

investigation. The reaction of Fe(ppin)2 with PtCh(benzonitrile)2 also 

produces, a compound with two peaks in the 31p_NMR spectrum. The 

platinum-phosphorus coupling constants indicate a cis geometry for the 

diphosphine ligand. Presumably this has a similar structure to 

Fe(ppin)2PdCh in solution. The Pd and Pt complexes have the potential for 

significant catalytic activity, which will require further study. 

The investigation of the ferroindacene chemistry of dppin has posed more 

questions than answers: The mechanism for the decomposition of Fe( dppin)2 

to Fe(ppin)2 requires further study; by, for example, reaction of Fe( dppin)2 

with NaH to reduce the tetraphosphine to Fe(ppin)2 in high yield; or 
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isolation of the tetraphosphine species by in situ oxidation of the phosphine 

with sulphur, selenium or oxygen, or in situ complexation of the phosphines 

to metal-ligand fragments to form complexes such as 

Fe( dppin)2(Mo(CO)4))2. The study of diferrocenobis 

(phenylphosphino)cyclophane and Fe(pdin)2 may also benefit fromin situ 

oxidation to the more stable pentavalent phosphorus species to allow 

isolation and characterisation of the products. 
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APPENDIX A 

STRUCTURE OF meso-Fe(ppin)2Mo(CO)4 

X-ray crystallographic data for meso-Fe(ppin)2Mo(CO)4 was collected from 

a single crystal mounted on a glass fiber. Data was collected at ~ 150 K 

using a Siemens P4 diffractometer equipped with a Siemens SMART lK 

charge coupled device (CCD) area detector (using the program SMART 

[36]) and graphite monochromated Mo-Ka radiation (A= 0.71073 A). The 

crystal to detector distance was 6.0 cm, and the data collection was carried 

out in 512 X 512 pixel mode utilizing 2 X 2 pixel binning. The initial unit cell 

parameters were determined by least-squares fit of the angular settings of 

strong reflections in 100 frames over three different parts of reciprocal space 

(300 frames in total). One complete hemisphere of data was collected to 

better than 0.8 A resolution. Processing was carried out by use of the 

program SAINT [37] which applied Lorentz and polarization corrections to 

three-dimensionally integrated diffraction spots. The program SADABS [38] 

was utilized for the scaling of diffraction data, the application of a decay 

correction, and empirical absorption correction based on redundant 

re±1ections. The structure was solved for meso-Fe(ppin)2Mo(CO)4 by the 

direct methods procedure in the SHELXTL program library [39], and refined 

by least-squares methods on P with anisotropic thermal parameters for all 

non-hydrogen atoms. Hydrogen atoms were added as riding contributors at 

calculated positions, with isotropic thermal parameters based on the attached 

carbon atom. 

THE LIBRARY 
UNIVERSITY Of CANTERBURY 

CHRISTCHllRCH, N.l 



Table A.I. Crystal data and refinement for meso-Fe(ppin)zMo(CO)4 

Empirical formula 

Formula weight 

Temperature 

Wavelength 

Crystal system, space group 

Unit cell dimensions 

Volmne 

Z, Calculated density 

Absorption coefficient 

F(OOO) 

Crystal size 

C47H34Cl2FeMo04P2 

947.37 

150(2) K 

0.71073 A 

Monoclinic, P21/c 

a = 18.1287(11) A alpha = 90°. 

b = 12.4033(7) A beta = 108.3750(10)°, 

c = 19.0262(10) A gamma = 90°. 

4060.0(4) A3 

4, 1.550 Mg/m3 

0.922 mm-1 

1920 

0.5 x 0.3 x 0.2 mIn 

Theta range for data collection 3.17 to 23.28 deg. 

Limiting indices -19<=h<=19 -13<=k<=12 -7<=1<=21 , , 

Reflections collected 1 unique 92391 5404 [R(int) = 0.0306] 

Completeness to theta 23.28 92.4% 

Absorption correction SADABS 

Refinement method Full-matrix least-squares on? 

Data 1 restraints 1 parameters 5404/01 509 

Goodness-of-fit on? 1.092 

Final R indices [I>2sigma(I)] Rl = 0.0558, wR2 = 0.1504 

R indices (all data) R J = 0.0652, wR2 = 0.1605 

Largest diff. peak and hole 2.595 and -1.147 e.A-3 

80 
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Table A.2. Atomic coordinates (x 104
) and equivalent isotropic 

displacement parameters (A2 x 103
) for meso-Fe(ppin)2Mo(CO)4. 

U(eq) is defined as one third of the trace of the orthogonalized 
Uij tensor. 

x y z U(eq) 

Mo 3167(1) 8415(1) 3920(1) 26(1) 
Fe 1912(1) 6967(1) 1650(1) 26(1) 
C(1) 1568(3) 7749( 4) 646(3) 30(1) 
C(1') 2509(4) 5628(4) 1523(3) 33(1) 
C(2) 2252(3) 8221(4) 1129(3) 29(1) 
C(2') 2845(3) 6107(4) 2238(3) 30(1) 
C(3) 2110(3) 8562(4) 1796(3) 28(1) 
C(3') 2279(3) 6125(4) 2625(3) 26(1) 
C(4) 1288(3) 8374( 4) 1684(3) 26(1) 
C(4') 1582(3) 5610( 4) 2140(3) 27(1) 
C(5) 803(3) 8581(4) 2128(3) 28(1) 
C(5') 829(3) 5399(4) 2198(3) 30(1) 
C(6') 271(3) 4943( 4) 1613(3) 30(1) 
C(6) 55(4) 8227(5) 1889(3) 35(1) 
C(7) -247(4) 7668(5) 1209(3) 37(1) 
C(T) 420(4) 4675(5) 955(3) 35(1) 
C(8') 1129(4) 4842( 4) 872(3) 33(1) 
C(8) 178(3) 7490(5) 754(3) 35(1) 
C(9') 1734(3) 5305(4) 1462(3) 29(1) 
C(9) 966(3) 7850(4) 980(3) 29(1) 
C(10') 3218(3) 5375(5) 3984(3) 27(1) 
C(10") 1726(3) 6217(4) 3888(3) 26(1) 
C(10) 3634(3) 9503(4) 2353(3) 29(1) 
C(10*) 2302(3) 10562(4) 2488(3) 28(1) 
C(11') 3698(4) 5398(5) 4713(4) 49(2) 
C(l1 *) 2000(3) 10986(5) 1776( 4) 36(1) 
C(11) 3970(4) 10526(5) 2463(3) 39(2) 
C(11") 1668(4) 5294(5) 4291(3) 37(1) 
C(12*) 1673( 4) 12001(5) 1658(4) 41(2) 
C(12') 4179(5) 4518(6) 5024(4) 63(2) 
C(12") 997(4) 5089(5) 4459(4) 42(2) 
C(12) 4668(4) 10720(5) 2323(4) 45(2) 
C(13") 371(4) 5774(6) 4232( 4) 46(2) 



82 

C(13) 5022(4) 9900(6) 2059(4) 45(2) 
C(13') 4151(4) 3594(5) 4599(4) 49(2) 
C(13*) 1633( 4) 12620(5) 2253(3) 40(2) 
C(14') 3670(4) 3550(5) 3901(4) 39(2) 
C(14) 4707(4) 8887(5) 1955(3) 37(1) 
C(14*) 1909( 4) 12205(5) 2952(4) 39(2) 
C(14") 417( 4) 6693(6) 3840(4) 43(2) 
C(15") 11 00(3) 6925(5) 3683(3) 33(1) 
C(15) 4021(3) 8690(5) 2109(3) 33(1) 
C(15*) 2250(4) 11177(5) 3080(3) 35(1) 
C(15') 3203(3) 4430(5) 3595(3) 35(1) 
C(16) 3569( 4) 8074(5) 4999( 4) 35(1) 
C(16*) 2221(4) 9018(5) 4142(3) 34(1) 
C(16") 3739(4) 9808(5) 4213(4) 41(2) 
C(16') 4144( 4) 7764(5) 3777(3) 33(1) 
C(17) 3289(7) 12570(12) 836(6) 113(4) 
0(16) 3809(3) 7987(4) 5630(3) 50(1) 
0(16*) 1717(3) 9372(4) 4312(3) 46(1) 
0(16') 4706(3) 7384(4) 3738(3) 51(1) 
0(16") 4089(3) 10582(4) 4415(3) 65(2) 
Cl(l) 2458(2) 12858(3) 122(1) 110(1) 
Cl(2) 3498(2) 13310(2) 1607(2) 113(1) 
P(1) 2760(1) 9222(1) 2616(1) 25(1) 

2576(1) 6527(1) 3593(1) 25(1) 
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Table A.3. Anisotropic displacement parameters (Az x 103
) for 

meso-Fe(ppin)zMo(CO)4' The anisotropic displacement factor exponent 
takes the form: _2n2 [hz a2 Un + ... + 2 h l{ a* b* Un] 

Ull U22 U33 U23 U13 U12 

Mo 27(1) 24(1) 27(1) 1(1) 9(1) 0(1) 
Fe 30(1) 23(1) 26(1) 2(1) 11(1) 2(1) 
C(1) 43(4) 23(3) 29(3) 4(2) 17(3) 6(3) 
C(1') 41(4) 23(3) 40(3) 3(2) 21(3) 9(3) 
C(2) 30(3) 23(3) 33(3) 5(2) 12(2) 3(2) 
C(2') 28(3) 25(3) 39(3) 2(2) 16(3) 6(2) 
C(3) 32(3) 25(3) 28(3) 4(2) 11(2) 2(2) 
C(3') 25(3) 23(3) 29(3) 6(2) 7(2) 3(2) 
C(4) 27(3) 19(3) 32(3) 7(2) 10(2) 1(2) 
C(4') 32(3) 22(3) 27(3) 2(2) 9(2) 1(2) 
C(5) 31(3) 21(3) 33(3) 3(2) 12(2) 5(2) 
C(5') 32(3) 25(3) 34(3) 3(2) 12(3) 1(2) 
C(6') 27(3) 27(3) 33(3) 2(2) 6(2) -6(2) 
C(6) 31(4) 35(3) 41(4) 1(3) 15(3) 4(3) 
C(7) 33(3) 35(3) 43(4) 1(3) 10(3) 0(3) 
C(7') 47(4) 27(3) 26(3) -2(2) 5(3) -8(3) 
C(8') 43(4) 25(3) 35(3) -1(2) 15(3) 1(3) 
C(8) 33(3) 31(3) 33(3) -1(2) 2(3) 3(3) 
C(9') 39(4) 21(3) 25(3) -2(2) 9(2) 2(2) 
C(9) 34(3) 24(3) 31(3) 4(2) 13(2) 1(2) 
C(10') 23(3) 29(3) 30(3) 5(2) 9(2) 1(2) 
C(10") 24(3) 29(3) 25(3) -4(2) 8(2) -3(2) 
C(10) 27(3) 29(3) 34(3) 4(2) 12(2) 3(2) 
C(10*) 24(3) 22(3) 40(3) 3(2) 13(2) -1(2) 
C(11') 52(4) 33(4) 50(4) 4(3) -3(3) 4(3) 
C(ll *) 39(4) 23(3) 49(4) -2(3) 19(3) -2(3) 
C(ll) 38(4) 36(4) 45(4) -3(3) 19(3) -5(3) 
C(ll") 48(4) 33(3) 35(3) -3(3) 18(3) -4(3) 
C(12*) 37(4) 37(4) 46(4) 14(3) 8(3) 4(3) 
C(12') 67(5) 42(4) 53(5) 8(3) -22(4) 3(4) 
C(12") 51(4) 35(4) 47(4) -7(3) 26(3) -21(3) 
C(12) 37(4) 38(4) 63(4) -7(3) 22(3) -17(3) 
C(13") 41(4) 56(4) 46(4) -17(3) 23(3) -22(3) 
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C(13) 32(4) 53(4) 55(4) 2(3) 20(3) -6(3) 
C(13') 43(4) 34(4) 59(5) 10(3) 0(3) 9(3) 
C(14') 40(4) 28(3) 52(4) 8(3) 18(3) 6(3) 
C(14) 35(4) 39(4) 46(4) 5(3) 23(3) 6(3) 
C(14*) 40(4) 26(3) 53(4) -7(3) 19(3) 2(3) 
C(14") 37(4) 56(4) 37(4) -10(3) 14(3) -4(3) 
C(15") 34(4) 42(4) 25(3) -3(2) 10(3) -5(3) 
C(15) 31(3) 29(3) 39(3) 2(2) 13(3) -1(3) 
C(15*) 40(4) 31(3) 37(3) 1(3) 15(3) -2(3) 
C(15') 34(4) 31(3) 39(3) 6(3) 10(3) 0(3) 

, C(16) 36(4) 26(3) 42(4) 2(2) 14(3) -1(3) 
C(16*) 42(4) 29(3) 33(3) 2(2) 14(3) -10(3) 
C(16") 40(4) 38(4) 41(4) 6(3) 6(3) 3(3) 
C(16') 31(4) 34(3) 33(3) 6(2) 8(3) -1(3) 
C(17) 88(8) 153(12) 85(8) -11(7) 9(6) 24(8) 
0(16) 64(3) 51(3) 31(3) 2(2) 8(2) 1(2) 
0(16*) 45(3) 47(3) 54(3) -1(2) 30(2) 5(2) 
0(16') 39(3) 65(3) 54(3) 10(2) 19(2) 17(3) 
0(16") 63(3) 34(3) 83(4) -8(2) 2(3) -19(3) 
Cl(l) 75(2) 198(3) 59(1) 12(2) 22(1) 37(2) 
Cl(2) 104(2) 82(2) 129(3) -22(2) 1(2) 21(2) , 
P(l) 26(1) 21(1) 30(1) 2(1) 10(1) 1(1) 
P(2) 24(1) 24(1) 26(1) 2(1) 8(1) 1(1) 
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Table A.4. Hydrogen coordinates ( x 104) and isotropic displacement 
parameters (A2 x 103

) for meso-Fe(ppin)2Mo(CO)4' 

x y z U(eq) 

H(1) 1513(3) 7416( 4) 153(3) 36 
H(l') 2774( 4) 5521(4) 1140(3) 40 
H(2) 2762(3) 8274(4) 1032(3) 34 
H(2') 3388(3) 6390( 4) 2436(3) 35 
H(5) 998(3) 8960(4) 2583(3) 33 
H(5') 717(3) 5575(4) 2639(3) 36 
H(6') -230(3) 4805(4) 1654(3) 36 
H(6) -272(4) 8357(5) 2184(3) 42 
H(7) -767( 4) 7410(5) 1070(3) 45 
H(7') 16(4) 4370(5) 558(3) 42 
H(8') 1220(4) 4650( 4) 423(3) 40 
H(8) -41(3) 7133(5) 293(3) 42 
H(l1') 3702( 4) 6018(5) 5007( 4) 59 
H(11 *) 2020(3) 10567(5) 1364(4) 43 
H(11) 3720( 4) 11096(5) 2634(3) 46 
H(11") 2094(4) 4808(5) 4449(3) 45 
H(12*) 1475(4) 12277(5) 1168( 4) 50 
H(12') 4520(5) 4553(6) 5518(4) 76 
H(121!) 965(4) 4463(5) 4737(4) 50 
H(12) 4899(4) 11415(5) 2410( 4) 54 
H(13") -92( 4) 5615(6) 4345( 4) 55 
H(13) 5489( 4) 10040(6) 1949(4) 55 
H(13') 4472(4) 2994(5) 4805( 4) 59 
H(13*) 1416( 4) 13324(5) 2175(3) 48 
H(14') 3647(4) 2916(5) 3615(4) 47 
H(14) 4956(4) 8323(5) 1778(3) 45 
H(14*) 1869( 4) 12618(5) 3359(4) 47 
H(14") -16( 4) 7166(6) 3678( 4) 51 
H(15") 1139(3) 7575(5) 3433(3) 40 
H(15) 3810(3) 7982(5) 2046(3) 39 
H(15*) 2445(4) 10904(5) 3570(3) 42 
H(15') 2863(3) 4380(5) 3101(3) 42 
H(17A) 3259(7) 11807(12) 977(6) 136 
H(17B) 3734(7) 12628(12) 641(6) 136 
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APENDIXB 

STRUCTURE OF rac-Fe(ppinhMo(CO)4 

X-ray crystallographic data for rac-Fe(ppin)2Mo(CO)4 was collected from a 

single crystal mounted on a glass fiber. Data was collected at ~ 150 K using 

a Siemens P4 difractometer, equipped with a Siemens SMART lK charge 

coupled device (CCD) area detector (using the program SMART [36]) and 

graphite monochromated Mo-Ka radiation (A= 0.71073 A). The crystal to 

detector distance was 6.0 em, and the data collection was carried out in 512 

X 512 pixel mode utilizing 2 X 2 pixel binning. The initial unit cell 

parameters were determined by least-squares fit of the angular settings of 

strong reflections in 100 frames over three different parts of reciprocal space 

(300 frames in total). One complete hemisphere of data was collected to 

better than 0.8 A resolution. Processing was carried out by use of the 

program SAINT [37] which applied Lorentz and polarization corrections to 

three-dimensionally integrated diffraction spots. The program SADABS [38] 

was utilized for the scaling of diffraction data, the application of a decay 

correction, and empirical absorption correction based on redundant 

reflections. The structure was solved forrac-Fe(ppin)2Mo(CO)4 by the direct 

Inethods procedure, in the SHELXTL program library [39], and refined by 

least-squares methodsonF with anisotropic thermal parameters for all non

hydrogen atoms. Hydrogen atoms were added as riding contributors at 

calculated positions, with isotropic thermal parameters based on the attached 

carbon atom. 



Table B.1.Crystal data and refinement for rac-Fe(ppin)2Mo(CO)4. 

Empirical formula C46H32FeMo04P2 

Formula weight 862.45 

Temperature 158(2) K 

Wavelength 0.71073 A 

Crystal system, space group Monoclinic, Cllc 

Unit cell dimensions a = 18.103(5) A alpha = 90°. 

Volume 

Z, Calculated density 

Absorption coefficient 

F(OOO) 

Crystal size 

b = 11.230(3) A beta 99.468(9)°. 

c = 19.901(6) A gamma = 90°. 

3990.7(19) A3 

4, 1.435 Mg/m3 

0.801 mm-1 

1752 

0.7 x 0.5 x 0.3 mm 

Theta range for data collection 2.82 to 26.29 deg. 

87 

Limiting indices -22<=h<=20 -13<=k<-13 -24<=1<=24 , , 

Reflections collected I unique 22105 I 3920 [R(int) = 0.0210] 

Completeness to theta = 26.29 96.7 % 

Absorption correction SADABS 

Refinement method Full-matrix least-squares on F2 

Data I restraints I parameters 3920 10/ 245 

Goodness-of-fit on [i2 1.076 

Final R indices [I>2sigma(I)] RJ = 0.0237, wR2 = 0.0574 

R indices (all data) 

Largest diff. peak and hole 

RI = 0.0291, wR2 = 0.0612 

0.431 and -0.372 e.A-3 
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Table B.2. Atomic coordinates (x 104) and equivalent isotropic 
displacement parameters (A 2 x 103

) for rac-Fe(ppin)2Mo(CO)4. 
U( eq) is defined as one third of the trace of the orthogonalized 
V ij tensor. 

x y z U(eq) 

Mo 5000 8512(1) 2500 25(1) 
Fe 5000 12594(1) 2500 28(1) 
P 6091(1) 9989(1) 2567(1) 24(1) 
C(23) 4230(1) 7250(2) 2496(1) 41(1) 
C(2) 3937(1) 12567(2) 2756(1) 33(1) 
C(3) 5970(1) 11584(2) 2691(1) 27(1) 
C(10) 6487(1) 9900(2) 1771(1) 27(1) 
C(11) 6102(1) 10416(2) 1171(1) 33(1) 
C(4) 5823(1) 12108(2) 3328(1) 29(1) 
C(21) 7491(1) 10576(2) 3350(1) 45(1) 
0(1) 5211(1 ) 8233(2) 4120(1) 61(1) 
C(5) 5750(1 ) 11605(2) 3977(1) 35(1) 
0(2) 3796(1) 6498(1) 2512(1) 67(1) 
C(22) 5132(1) 8403(2) 3541(1) 37(1) 
C(13) 6985(1) 9603(2) 515(1) 48(1) 
C(16) 6926(1) 9719(2) 3230(1) 33(1) 
C(17) 7013(1) 8664(2) 3608(1 ) 41(1) 
C(15) 7118(1) 9210(2) 1727(1) 45(1) 
C(12) 6357(1) 10288(2) 553(1) 41(1) 
C(18) 7662(1) 8470(3) 4094(1) 53(1) 
C(8) 5630(1 ) 14126(2) 3794(1) 50(1) 
C(9) 5793(1) 13392(2) 3242(1) 38(1) 
C(20) 8132(1) 10379(3) 3840(1) 57(1) 
C(19) 8213(1 ) 9322(3) 4204(1) 58(1) 
C(14) 7356(1) 9043(3) 1098(1 ) 57(1) 
C(7) 5546(1) 13607(2) 4391(1) 53(1) 
C(6) 5621(1) 12349(2) 4492(1) 46(1) 
C(1) 4066(1) 13661(2) 2431(1) 41(1) 

Symlnetry transformations used to generate equivalent atoms: 
#1 -x+1,y,-z+1/2 
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Table B.3. Anisotropic displacement parameters (A2 x 103
) for rac-

Fe(ppin)2Mo(CO)4' The anisotropic displacement factor exponent takes 
the form:-2 rc2 [h2 a2 Ull + ... + 2 h k a* b* Ul2 ]. 

U11 U22 U33 U23 U13 U12 

Mo 31(1) 21(1) 27(1) 0 12(1) 0 
Fe 30(1) 22(1) 32(1) 0 4(1) 0 
P 23(1) 27(1) 24(1) 2(1) 5(1) 3(1) 
C(23) 47(1) 26(1) 55(1) 2(1) 22(1) 1(1) 
C(2) 31(1) 32(1) 37(1) -3(1) 8(1) 7(1) 
C(3) 23(1) 28(1) 29(1) 1(1) 4(1) -2(1) 
C(10) 24(1) 32(1) 26(1) 0(1) 7(1) -2(1) 
C(11) 31(1) 37(1) 31(1) 2(1) 5(1) 2(1) 
C(4) 23(1) 32(1) 32(1) -6(1) 1(1) -3(1) 
C(21) 33(1) 63(2) 38(1) 6(1) 1(1) -2(1) 
0(1) 68(1) 84(1) 33(1) 14(1) 17(1) 13(1) 
C(5) 28(1) 45(1) 31(1) -4(1) 3(1) -2(1) 
0(2) 59(1) 32(1) 116(2) 8(1) 32(1) -13(1) 
C(22) 39(1) 39(1) 37(1) 5(1) 14(1) 7(1) 
C(13) 39(1) 77(2) 32(1) -5(1) 15(1) -6(1) 
C(16) 26(1) 48(1) 24(1) 2(1) 5(1) 9(1) 
C(17) 40(1) 49(1) 34(1) 5(1) 6(1) 14(1) 
C(15) 32(1) 72(2) 32(1) 4(1) 7(1) 17(1) 
C(12) 46(1) 51(1) 26(1) 4(1) 3(1) -5(1) 
C(18) 51(2) 70(2) 37(1) 12(1) 4(1) 28(1) 
C(8) 49(1) 40(1) 59(2) -21(1 ) 3(1) -5(1) 
C(9) 36(1) 32(1) 44(1) -10(1) 2(1) -8(1) 
C(20) 34(1) 90(2) 45(1) 0(1) -4(1) -5(1) 
C(19) 36(1) 99(2) 35(1) 4(1) -3(1) 19(1) 
C(14) 34(1) 98(2) 42(1) -7(1) 12(1) 19(1) 
C(7) 47(1) 62(2) 50(1) -31(1) 5(1) -1(1) 
C(6) 38(1) 67(2) 31(1) -10(1 ) 4(1) -1(1) 
C(l) 42(1) 30(1) 51(1) -1(1) 7(1) 11(1) 
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Table B.4. Hydrogen coordinates (x 104
) and isotropic displacement 

parameters (A 2 x 103
) for rac-Fe(ppin)2Mo(CO)4' 

x y z U(eq) 

H(2) 3823 12489 3229 40 
H(ll) 5658 10860 1188 39 
H(21) 7441 11299 3098 54 
H(5) 5790 10769 4048 42 
H(13) 7162 9516 94 58 
H(17) 6632 8074 3538 49 
H(15) 7388 8851 2125 54 
H(12) 6101 10671 157 49 
H(18) 7718 7748 4345 64 
H(8) 5582 14964 3739 60 
H(20) 8510 10972 3923 69 
H(19) 8650 9186 4530 69 
H(14) 7774 8545 1069 69 
H(7) 5435 14092 4753 64 
H(6) 5580 12021 4925 55 
H(1) 4047 14475 2632 49 

Symmetry transformations used to generate equivalent atoms: 
#1 -x+l,y,-z+1I2 
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APENDIXC 

STRUCTURE OF meso-Fe(ppin)2PdCI2 

X-ray crystallographic data for meso-Fe(ppin)2PdC12 was collected from a 

single crystal mounted on a glass fiber. Data was collected at ~ 150 K using 

a Siemens P4 diffractometer, equipped with a Siemens SMART 1K charge 

coupled device (CCD) area detector (using the program SMART [36]) and 

graphite monochromated Mo-Kx radiation (A= 0.71073 A). The crystal to 

detector distance was 6.0 em, and the data collection was carried out in 512 

X 512 pixel mode utilizing 2 X 2 pixel binning. The initial unit cell 

parameters were determined by least-squares fit of the angular settings of 

strong reflections in 50 frames over three different parts of reciprocal space 

(150 frames in total). One complete hemisphere of data was collected to 

better than 0.8 A resolution. Processing was carried out by use of the 

program SAINT [37] which applied Lorentz and polarization corrections to 

three-dimensionally integrated diffraction spots. The program SADABS [38] 

was utilized for the scaling of diffraction data, the application of a decay 

correction, and empirical. absorption correction based on redundant 

reflections. The structure was solved for meso-Fe(ppin)2PdCh by the direct 

methods procedure in the SHELXTL program library [39], and refined by 

least-squares methods on? with anisotropic thermal parameters for all non

hydrogen atoms. Hydrogen atoms were added as riding contributors at 

calculated positions, with isotropic thermal parameters based on the attached 

carbon atom. During the refinement the high angle data was removed, due to 

the crystal being a week diffracting crystaL 



Table C.l. Crystal data and refinement for meso-Fe(ppin)2PdCh. 

Elnpirical formula 

Formula weight 

Temperature 

Wavelength 

Crystal system, space group 

Unit cell dimensions 

C42H32ChFeP2Pd 

831.77 

158(2) K 

0.71073 A 

Monoclinic, P2(1 )/n 

a = 12.256(7) A alpha = 90°. 

92 

Volume 

b = 16.691(8) A beta = 101.461(9)°. 

c = 17.105(9) A gamma = 90°. 

3429(3) A3 

Z, Calculated density 

Absorption coefficient 

F(OOO) 

4, 1.611 Mg/m3 

1.228 mm- l 

1680 

Crystal size 0.6 x 0.2 x 0.1 mm 

Theta range for data collection 2.72 to 19.00 deg. 

Limiting indices -11 <=h<=II, -15<=k<=11, -15<=1<=15 

Reflections collected / unique 20447 /2746 [R(int) = 0.0866] 

Completeness to theta = 19.00 99.7 % 

Absorption correction SADABS 

Refinement method Full-matrix least-squares on F 
Data / restraints / parameters 2746/0 I 433 

Goodness-of-fit on F 1.279 

Final R indices [I>2sigma(I)] Rl = 0.0780, wR2 = 0.1913 

R indices (all data) Rl = 0.0810, wR2 = 0.1934 

Largest diff. peak and hole 1.177 and -0.796 e.A-3 
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Table C.2. Atomic coordinates (x 104
) and equivalent isotropic 

displacement parameters (A2 x 103
) for meso-Fe(ppin)zPdCh. 

U( eq) is defined as one third of the trace of the orthogonalized Uij 

tensor. 

x y z U(eq) 

Pd 1791(1) 1991(1 ) 944(1) 39(1) 
Cl(1) 1676(3) 1115(2) 1970(2) 50(1) 
Cl(2) 480(3) 2781(2) 1392(2) 50(1) 
Fe 3825(2) 2307(1) -799(1) 52(1) 
P(1) 3050(3) 1140(2) 585(2) 43(1) 
C(1) 5292(14) 1723(10) -751(10) 55(4) 
C(2) 4485(13) 1236(9) -562(10) 50(4) 
C(3) 4076(12) 1551(9) 105(8) 43(4) 
C(4) 4722(12) 2248(9) 363(9) 42(4) 
C(5) 4742(15) 2779(11) 970(9) 59(5) 
C(6) 5435(18) 3397(12) 1062(12) 83(6) 
C(7) 6173(16) 3479(14) 505(17) 105(8) 
C(8) 6170(20) 2966(14) -99(13) 90(7) 
C(9) 5469(13) 2324(12) -186(12) 63(5) 
P(2) 1539(3) 2855(2) . -98(2) 41(1) 
C(3') 2365(12) 2853(9) -833(9) 44(4) 
C(2') 2248(12) 2216(11) -1438(9) 54(5) 
C(1') 2980(15) 2360(11) -1969(10) 66(5) 
C(9') 3491(15) 3066(13) -1749(10) 64(6) 
C(5') 3612(17) 4094(13) -680(11) 78(6) 
C(6t) 4455(19) 4469(13) -997(14) 101(7) 
C(7') 4850(20) 4102(18) -1691(15) 113(9) 
C(8 1

) 4350(30) 3406(15) -2008(14) 115(10) 
C(4t) 3133(13) 3413(11) -1039(10) 57(5) 
C(10) 2374(13) 372(10) -58(8) 44(4) 
C(11) 2920(14) -274(10) -256(9) 49(4) 
C(12) 2348(17) -850(10) -745(10) 60(5) 
C(13) 1244(17) -781(11) -1045(9) 58(5) 
C(14) 700(16) -125(12) -845(11) 72(5) 
C(15) 1272(16) 453(10) -354(9) 58(5) 
C(10t) 3908(14) 580(10) 1396(8) 43(4) 
C(11') 3477(15) -87(11 ) 1680(9) 56(4) 
C(12') 4160(20) -516(12) 2297(11) 77(6) 
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C(13!) 5220(20) -286(14) 2595(12) 87(7) 
C(14!) 5645(17) 333(14) 2304(11) 75(6) 
C(15!) 4985(16) 789(11) 1673(9) 62(5) 
C(10!!) 159(12) 2686(9) -697(9) 43(4) 
C(11") -586(12) 2217(8) -431(8) 38(4) 
C(12") -1622(12) 2054(9) -931(10) 50(4) 
C(13 ff

) -1881(14) 2382(11) -1673(10) 60(5) 
C(14") -1095(17) 2852(11) -1921(10) 62(5) 
C(15 11

) -75(15) 2989(9) -1465(9) 51(4) 
C(10*) 1633(13) 3868(10) 199(11) 49(4) 
C(11 *) 2242(14) 4064(12) 966(12) 63(5) 
C(12*) 2376(16) 4853(14) 1199(11) 69(5) 
C(13*) 1920(20) 5445(13) 698(19) 93(8) 
C(14*) 1300(15) 5289(13) -75(15) 73(5) 
C(15*) 1192(15) 4481(13) -272(12) 69(5) 
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Table C.3. Anisotropic displacement parameters (A2 x 103
) for 

meso-Fe(ppin)2PdCh. The anisotropic displacement factor exponent 
takes the form: -2 n2 [ h2 a2 Un + ... + 2 h k a* b* U l2 ]. 

VII V22 V33 U23 U13 U12 

Pd 37(1) 47(1) 32(1) -2(1) 3(1) -2(1) 
Cl(1) 48(2) 67(3) 34(2) 8(2) 2(2) -3(2) 
Cl(2) 47(2) 57(3) 49(2) -5(2) 14(2) 2(2) 
Fe 47(2) 64(2) 47(2) 6(1) 15(1) 10(1) 
P(1) 43(2) 51(3) 32(2) 3(2) -1(2) 2(2) 
C(1) 60(12) 43(11 ) 67(12) 2(11) 21(10) 12(10) 
C(2) 45(10) 35(10) 72(12) -14(9) 16(9) 0(9) 
C(3) 44(9) 47(11) 35(9) 7(8) 0(8) 5(9) 
C(4) 41(10) 38(11 ) 52(11) -5(9) 17(9) 3(8) 
C(5) 73(13) 62(13) 40(11) -12(10) 4(9) -3(11 ) 
C(6) 100(16) 54(14) 94(15) -22(11) 16(13) -32(13) 
C(7) 55(13) 95(18) 170(20) 15(19) 43(15) -49(12) 
C(8) 120(20) 74(16) 87(16) -22(13) 46(14) 19(16) 
C(9) 38(11 ) 53(13) 92(15) -2(12) 1(11) -16(10) 
P(2) 38(2) 45(3) 41(2) 4(2) 7(2) 2(2) 
C(31) 41(10) 43(10) 52(10) -9(9) 16(8) 0(8) 
C(2') 35(9) 87(14) 42(10) 21(11) 12(8) 24(9) 
C(1') 66(12) 56(13) 62(13) 3(10) -19(11) -18(11) 
C(9') 49(11) 97(17) 57(13) 37(13) 36(10) 5(12) 
C(51) 78(14) 87(17) 69(13) 6(13) 17(11) -1(13) 
C(61) 95(17) 82(16) 120(20) 25(15) 8(15) -3(14) 
C(71) 113(19) 130(20) 120(20) 34(18) 79(17) 44(18) 
C(8') 200(30) 54(15) 93(18) -3(14) 30(20) 10(17) 
C(41) 42(10) 64(13) 64(13) 4(10) 8(10) -5(10) 
C(10) 28(10) 57(l3) 44(9) 2(8) 1(8) -13(9) 
C(11) 55(10) 39(10) 49(10) -15(9) -2(9) 11(10) 
C(12) 84(16) 47(12) 53(11 ) -11(10) 23(11) 4(11) 
C(13) 66(14) 54(13) 48(10) -5(9) -4(10) -25(11) 
C(14) 64(12) 60(14) 97(15) -16(12) 27(12) -7(12) 
C(15) 80(16) 42(11) 55(11) -11 (9) 20(10) -19(10) 
C(10') 50(12) 47(12) 25(8) -1(8) -8(8) 6(9) 
C(1l') 78(12) 50(12) 39(10) -1(9) 8(10) 13(11) 
C(12') 119(19) 64(14) 47(12) 14(11) 18(12) 28(14) 
C(13') 140(20) 63(16) 50(13) -1(12) -3(15) 32(15) 
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C(14') 89(15) 69(14) 53(13) -11(11) -18(12) 32(13) 
C(15') 74(14) 67(12) 40(11) -3(10) 1(10) 18(11) 
C(10") 44(10) 35(9) 49(12) 8(8) 8(8) 1(8) 
C(11 ") 46(10) 39(10) 27(8) 8(7) 3(9) 10(8) 
C(12") 35(11) 61(11) 52(12) 2(9) 6(9) 6(8) 
C(13") 53(11) 82(13) 39(12) 13(10) -7(9) 7(11) 
C(14") 70(14) 71(13) 47(11) 15(10) 14(12) 12(11) 
C(15") 56(13) 57(11) 36(11) 7(9) 4(9) 0(9) 
C(10*) 50(10) 46(12) 57(12) -6(10) 22(9) -4(9) 
C(11 *) 58(11) 66(16) 79(15) 5(11) 44(11) -3(10) 
C(12*) 100(15) 49(14) 68(13) -20(12) 45(11) -28(12) 
C(13*) 90(17) 47(16) 170(30) -28(18) 97(19) -18(13) 
C(14*) 56(12) 52(16) 116(19) 8(12) 30(12) 0(10) 
C(15*) 72(13) 65(16) 77(13) 0(13) 28(10) 2(12) 
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Table CA. Hydrogen coordinates (x 104
) and isotropic displacement 

parameters (A2 x 103
) for meso-Fe(ppin)2PdCh. 

x y z 

H(lA) 5694 1648 -1200 66 
H(2A) 4206 736 -857 60 
H(5A) 4253 2706 1331 71 
H(6A) 5446 3773 1480 100 
H(7A) 6683 3914 570 126 
H(8A) 6653 3051 -463 109 
H(2'A) 1762 1734 -1451 65 
H(1'A) 3097 2007 -2417 79 
H(5 'A) 3380 4308 -225 93 
H(6'A) 4776 4956 -771 121 
H(TA) 5426 4343 -1906 135 
H(8'A) 4618 3154 -2429 138 
H(11A) 3698 '-331 -59 59 
H(12A) 2735 -1308 -876 72 
H(13A) 857 -1181 -1387 70 
H(14A) -76 -65 -1044 87 
H(15A) 890 913 -221 69 
H(11B) 2738 -256 1468 67 
H(12B) 3869 -976 2511 92 
H(13D) 5662 -581 3020 104 
H(14B) 6395 484 2510 90 
H(15B) 5299 1234 1451 74 
H(11C) -412 1998 91 46 
H(12C) -2142 1713 -749 60 
H(13B) -2585 2289 -2010 72 
H(14C) -1275 3092 -2435 75 
H(15C) 468 3286 -1669 61 
H(11D) 2558 3651 1322 76 
H(12D) 2793 4984 1712 82 
H(13C) 2013 5985 873 112 
H(14D) 984 5702 -431 87 
H(15D) 770 4350 -784 83 
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